









HIGH DEPTH RESOLUTION PROFILING    
FOR MAGNETIC-SECTOR SECONDARY ION 



































HIGH DEPTH RESOLUTION PROFILING    
FOR MAGNETIC-SECTOR SECONDARY ION   








LIU RONG   
 







A THESIS SUBMITTED FOR THE  
DEGREE OF PHD OF SCIENCE  
DEPARTMENT OF PHYSICS 










First of all I want to express my gratitude to my supervisor, Professor Andrew 
T.S. Wee. Thanks for your guidance, help, and that you always had time for discussions. 
It has been a pleasure to work with you and take part of your knowledge and enthusiasm. 
I also would like to thank all my colleagues (both past and present ones) at the 
Surface Science Laboratory for providing such a nice working atmosphere. It has really 
been a pleasure working with you all. 
Si/SiGe single quantum well sample provided by Dr. Tok Eng Soon and Dr. Jing 
Zhang, from department of Physics at Imperial College (UK), as well as fruitful 
discussions are also gratefully acknowledged. I wish to thank Dr. Tok Eng Soon for 
sharing his knowledge of MBE and music, wonderful discussions, and also for giving me 
some pep talk. 
Thanks are also addressed to Dr. Hisataka Takenaka, from NTT Advanced 
Technology Corporation (Tokyo, Japan), provide the BN multilayer Si samples and Dr. 
Jiang Zhi Xiong, from IME Singapore(now move to Motorola, Austin), provide the SiGe 
deltas in Si sample, as well as helpful discussions. 
Finally, to my entire family, that I have been neglecting lately, thanks for your 
support and understanding. 
 
High depth resolution profiling for Magnetic-Sector SIMS i
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
Acknowledgement                                                                                                       i  
Contents                                                                                                                       ii 
List of Table                                                                                                                 iv 
List of Figure                                                                                                               v 
Summary                                                                                                                     x 
Chapter 1 Introduction                                                                                                 1 
1.1 The need for high resolution Secondary Ion Mass Spectrometry(SIMS)               1 
1.2 Practical issues and solutions to accurate SIMS depth profiling                           5 
1.3 Main focus of this thesis                                                                                               9 
      Reference for Chapter 1                                                                                          12 
 
Chapter 2 The Depth Profiling, Modeling and SIMS Techniques                          15 
2.1 An introduction to SIMS depth profiling                                                                15 
     2.1.1 The sputtering process                                                                                     16 
     2.1.2 Emission of secondary ions                                                                             17 
     2.1.3. Post-ionization of sputtered neutrals                                                              17 
     2.1.4 Mixing and Implantation                                                                                 18 
     2.1.5 Sputtering yield                                                                                                19 
2.2 Influence of O2+ energy, incident angle and fluence on the surface topography           
         development on Si                                                                                                20 
2.3 Effects of sample rotation and oxygen flooding on surface roughening in Si        23 
2.4 Models for ripple formation                                                                                    24 
      2.4.1 Models based on sputtering process                                                               24 
      2.4.2 Model based on erosion in combination with surface diffusion             26 
      2.4.3 Model based on stress-induced topography formation                                  27 
      2.4.4 Model based on the heterogeneity in incorporation of oxygen                   28 
2.5. Modeling by MRI model                                                                                        31 
      2.5.1 Outline of the MRI model                                                                              31 
      2.5.2 The Implementation of the MRI model                                                          33 
      Reference for chapter 2                                                                                            36 
 
Chapter 3 Experimental  Methods and Analysis                                                    39 
3.1 Introduction                                                                                                            39 
3.2 SIMS Instruments                                                                                                   39                    
 3.2.1 Cameca IMS-6f                                                                                               42        
 3.2.2 Main components of Cameca IMS-6f Instrument                                          42 
 3.2.3 Accessorial components of  Cameca IMS-6f                                                 46 
3.3 Analysis parameters and practical issue in SIMS depth profiling                          47 
      3.3.1 Primary beam species                                                                                    48 
      3.3.2 Primary beam energy                                                                                     48 
      3.3.3 Incidence angle                                                                                              49 
      3.3.4 Detected area and crater effect                                                                      49 
      3.3.5 Depth resolution                                                                                             50                    
3.4 Quantification of SIMS data                                                                                   51 
      3.4.1 Depth calibration                                                                                            51 
      3.4.2 Concentration calibration                                                                              52                  
3.5 Crater depth measurement using surface profiler meter                                        53                    
High depth resolution profiling for Magnetic-Sector SIMS ii
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
3.6 Surface topography measurement using Atomic Force Microscope (AFM)         55                    
      Reference for Chapter 3                                                                                         55 
 
Chapter 4 Results and discussion I- ∆z2mix  for SIMS Depth Profiling on a  
Single Quantum Well Structure                                                        57 
                  ∆z2total = ∆z2intr + ∆z2mix + ∆z2roughn + ∆z2inhom + ∆z2diff + ···.  (3) 
4.1 Introduction                                                                                                             57 
4.2 Experiments                                                                                                             57 
4.3 Results and discussion                                                                                             58 
     4.3.1 Single QW structure at various incidence angles                                            58 
     4.3.2 Single QW Structure at various impact energies                                             62 
     4.3.3 Backside SIMS Depth profiling to minimize the mixing effect and  
              Symmetric reflection transformation for SQW structure                                67 
4.4 Conlusion                                                                                                                 72 
      Reference for Chapter 4                                                                                           74 
 
Chapter 5   Results and discussion II- ∆z2roughn for 500eV O2+ beam  
bombardments                                                                                        75 
5.1 Introduction                                                                                                             75 
5.2 Experiments                                                                                                             76 
     5.2.1 Sample preparation                                                                                          76 
     5.2.2 Analytical techniques                                                                                       77 
5.3 Results and discussion                                                                                             77 
     5.3.1 For Ge delta doped Si                                                                                      77 
     5.3.2 MRI modeling of depth profiling of Ge delta doped in Si                              83 
5.4 Conclusion                                                                                                               88 
      Reference for Chapter 5                                                                                          89 
  
Chapter 6   Results and discussion III- ∆z2roughn  for 500eV SIMS depth  
profiling: comparison of sample rotation and oxygen flooding        91 
6.1 Introduction                                                                                                            91 
6.2 Experiments                                                                                                           92 
      6.2.1 Sample preparation                                                                                       92 
      6.2.2 Analytical techniques                                                                                    93 
6.3 Results and Discussion                                                                                          94 
     6.3.1 For B delta doped Si                                                                                      94 
     6.3.2 For Ge delta doped Si                                                                                    101 
6.4 Conclusion                                                                                                             103 
      Reference for Chapter 6                                                                                         104 
 
Chapter 7 Results and discussion IV- ∆z2inhom for 300 eV  O2+  beam 
 bombardment                                                                                         106 
7.1 Introduction and experiments                                                                                106 
7.2 Results and Discussion                                                                                         107 
      7.2.1 SIMS depth profile without sample rotation                                               107 
      7.2.2 SIMS depth profile with sample rotation and crater wall effect                108 
      7.2.3 Decreasing the crater wall effect                                                                 112                   
7.3 Conclusion                                                                                                            116 
      Reference for Chapter 7                                                                                       117 
Chapter 8 Future work & conclusions                                                                   118 
 
High depth resolution profiling for Magnetic-Sector SIMS iii
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
Appendix 1    The publication list from this thesis                                                   124 
                                      
Appendix 2    Experimental Procedures                                                                    125 
 
Appendix 3    Derivation of Equation (3.1) and more accurate primary ion beam  
                        incident angle calculation for Cameca IMS-6f magnetic-sector  
                        SIMS Instrument                                                                                 127 




LIST OF TABLES 
 
Table 4.1 the λu and λd AFM measured RMS roughness of single QW structure for   
                O2+ primary beam bombardment at 1keV with various incidence angles. 
 
Table 4.2 the λu and λd AFM measured RMS roughness of single QW structure for  
                O2+ primary beam bombardment at 56° with different impact energies. 
 
Table 4.3 the λu and λd of single QW structure for O2+ primary beam with different  
                impact energies at 56° incidence. 
 
Table 5.1 shows the corresponding MRI curve-fitted roughness and mixing parameters   
                as a function of depth for 46º incidence. 
 
Table 5.2 shows the corresponding MRI curve-fitted roughness and mixing parameters   
                as a function of depth for 56º incidence. 
 
Table 5.3 shows the corresponding MRI curve-fitted roughness and mixing parameters   
                as a function of depth for 65º incidence. 
 
Table 5.4 shows the corresponding MRI curve-fitted roughness and mixing parameters   
                as a function of depth for 69º incidence. 
 
Table 6.1 gives the detailed structure of samples A, B, C. 
 
Table 6.2 depth resolution parameters calculated from fig. 6.3 for sample A. 
 
Table 6.3 shows the Si interlayers thicknesses for sample A obtained using 1 keV,  
               500 eV O2+ beam bombardment with sample rotating. 
 
Table A3.1 theoretical minimum impact energy as a function of the secondary  
                   extraction voltage. 
 
Table A3.2 comparison between θ and θ’ values for different Vs and Vp  
                   configurations. 
 
Table A3.3 examples of primary and secondary voltage settings for different primary   
                   beam incidence angles at 2.5, 2, 1.5, 1 and 0.5 keV impact energy. 
 
High depth resolution profiling for Magnetic-Sector SIMS iv
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
LIST OF FIGURES    
 
Figure 1.1 schematic of a p-n junction formed by ion implantation. The junction is  
where the arsenic and boron concentrations are equal. The measured        
                  arsenic profile is broadened by primary ion knock-on and is deeper than  
                   the true values. 
 
Figure 1.2 16 period superlattice with alternate 1 nm Si and Ge layers profiled with  
                  FLIGTM. 
 
Figure 1.3 cross-sectional TEM image of the superlattice in Fig. 1.2. 
 
Figure 1.4 definition of common resolution parameters. 
Figure 1.5 2.0 x 2.0 µm2 AFM images of (a) 45º and (b) 60º after 1 keV O2 + sputtering  
                 to the QW layers respectively. 
 
Figure 2.1 the principle of secondary ion mass spectrometry- On the sample surface, 
                  an energy-rich primary ion beam generates secondary ions, which are  
separated and detected with a mass spectrometer. 
 
Figure 2.2 primary ions transfer energy in a collision cascade to the target atoms. Ion 
                  implantation (A) or backscattering (B) may occur. A third alternative, for thin  
                  samples only, is forward scattering (C)  Atoms from the target material can  
leave the sample after several collisions as secondary particles. 
 
Figure 2.3 Si sputtering yield as a function of ion beam species and energy. 
 
Figure 2.4 root mean square roughness of Si vs. incidence angle for various impact 
energies of O2+ beam. 
 
Figure 2.5 impact energy dependence of the critical depth for the onset of roughening. 
 
Figure 2.6 sputtering yield of Si under 10 keV O2+ as a function of incident angle  
from sample normal. 
 
Figure 2.7 relative amounts of the chemical Si4+ and elemental Sio states in the Si  
altered layer. 
 
Figure 2.8 schematic of two important aspects of the ripple development: the lateral 
displacement under ion bombardment and the difference in oxidation 
between the front (shaded) and back face. The thick lines represent the 
topography after different erosion times (t1 and t2). The thin lines give the 
extent of the altered layer at time t1 Rp gives, the thickness of the altered 
layer. Note that the tops are moving towards regions with higher oxygen 
content due to the different sputter velocity of the front and back face. 
Figure 2.9 the relative amount of oxygen in the near surface layer at different  
incidence angles. 
 
Figure 2.10 schematic drawing to the action of the three partial DRF in the MRI model. 
 
Figure 2.11 mixing Functions for w < 5.0nm with fixed σ = 0.3 nm. 
High depth resolution profiling for Magnetic-Sector SIMS v
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
 
Figure 2.12 roughening function for σ < 5.0nm with fixed ω = 0.3 nm. 
 
Figure 3.1 view of a DF-SIMS instrument. 
 
Figure 3.2 schematic diagram showing the main components of CAMECA IMS 6f. 
 
Figure 3.3 schematic of Alpha – Step 500 Profiler. 
 
Figure 3.4 a typical crater obtained using Alpha-Step 500, which formed after 1 keV   
                 O2+ beam bombardment. 
 
Figure 4.1 Single Quantum Well (SQW) structure grown by GSMBE. 
 
Figure 4.2 idealized profile for Si and Ge ions. 
 
Figure 4.3 SIMS depth profile for a single QW structure using an O2+   primary beam at  
1keV impact energy for various incidence angles. 
 
Figure 4.4 4 x 4 µm2 AFM images of (a) 44°; (b) 50° ; (c) 56° and (d)  62° after O2+   
sputtering at   1keV impact energy. The data scales were set at maximum  
values of 20 nm for (a), (b) and 5 nm for  (c), (d) respectively. 
 
Figure 4.5 a plot of λd, λu and RMS with different beam angles. 
 
Figure 4.6 SIMS depth profile for a single QW structure using a O2+ primary beam at  
56° incidence for various impact energies. 
 
Figure 4.7 4 x 4 µm2 AFM images of (a) 0.5keV; (b) 1keV and (c) 2keV after O2+
sputtering at   56o  incidence. The data scales were set at maximum values of 
20 nm for (a) and 5 nm for (b), (c) respectively. 
 
Figure 4.8 SIMS depth profile for SQW structure using a O2+ primary beam of (a) 10 
keV and 5 keV (b) 2.5 keV, 2.0 keV, 1.5 keV and 1.0 keV respectively. 
 
Figure 4.9 shows the linear fitting of equation 4.1 for decay lengths and energies in table 
4.3. 
 
Figure 4.10 7.5 keV O2+ front and back (mirrored) SIMS depth profile of 11B+ implanted 
at 1 keV, 5 × 1014 at./cm2. Profiles are normalized with point-to-point (PTP) 
or constant Si counts (Const Ref).The zero depth scale is an estimate of the 
sample surface. 
Figure 4.11 decay length as a function of the primary ion energy for frontside and 
backside sputtering. Comparison of the experiment results with MRI 
calculation taken from ref 8. 
 
Figure 4.12 show a comparison between a conventional frontside depth profile using 
impact energy of 1.0 keV O2+ at 56º incidence for Si/SiGe single quantum 
well structure (black line, as same as figure 4.8 b) and a mirrored backside 
depth profile (red line). 
 
High depth resolution profiling for Magnetic-Sector SIMS vi
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
Figure 4.13 shows the SIMS depth profile on a single quantum well structure by using 1 
keV O2+ beam at 56° incidence(red line, as same as fig. 4.8 b) and the 
mathematical symmetry rotation transform (blue line). 
 
Figure 4.14 shows the relation of λu, λd and Rp with impact energy, the data is from table 
4.3. 
 
Figure 4.15 shllow As implant into Si analysed by 1 and 2 keV O2+ at 45° by Clegg14. 
 
Figure 4.16 shows the SIMS depth profile on a single quantum well structure by using 1 
to 2.5 keV O2+ beam at 56° incidence (as same as fig. 4.8 b) and the 
mathematical symmetry rotation transform. 
 
Figure 5.1 left: TEM cross-section of the Si sample with 10 Si0.7 Ge0.3 deltas. right: TEM 
image of the sample with a Au coating. The dashed line indicates the 
interface between the native oxide and Au. 
 
Figure 5.2 SIMS depth profiles of 30Si+ and 70Ge+ secondary ions from the Si (Ge δ) 
sample analyzed with a 500 eV O2+ beam at 56° incidence. 
 
Figure 5.3 AFM 2 ×2 µm2 crater bottom images taken at various sputter depths (a) 27 
nm, (b)60 nm, (c)106 nm, and (d)160 nm in figure 5.2. The data scales were 
set at maximum values of 5 nm for (a) and 20 nm for (b), (c), (d) respectively. 
 
Figure 5.4 root-mean-square (RMS) roughness values taken at various sputter depths in 
Fig. 5.3. 
 
Figure 5.5 SIMS depth profiles of 30Si+ (a) and 70Ge+ (b) secondary ions from the Si (Ge 
δ) sample analyzed with a 500 eV O2+ beam at 46°, 56°, 65°,  69° incidence 
angles respectively. The onset of surface roughening is different at 46°, 56°, 
65° and 69°. 
Figure 5.6 schematic diagram of the assuming for transition roughening depth as a  
function of incident angle θ at a given impact energy-black line and 
experiments data for transition roughening depth as a function of incident 
angle θ 46º to 69º at 500 eV impact energy - symbol and dotted line. 
 
Figure 5.7 experimental (blue) and MRI curve-fitted (red) depth profile using 500 eV 
O2+ beam at incidence of 46 º. 
 
Figure 5.8 experimental (blue) and MRI curve-fitted (red) depth profile using 500 eV 
O2+ beam at incidence of 56 º. 
 
Figure 5.9 experimental (blue) and MRI-curve fitted (red) depth profile using 500 eV 
O2+ beam at incidence of 65º. 
 
Figure 5.10 experimental (blue) and MRI-curve fitted (red) depth profile using 500 eV 
O2+ beam at incidence of 69º. 
 
Figure 5.11 MRI fitted (a) roughness and (b) mixing length as a function of sputtering 
depth using 500 eV O2+ beam at incidence of 46º, 56º, 65º and 69º. 
 
High depth resolution profiling for Magnetic-Sector SIMS vii
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
Figure 5.12 plot the of the MRI model-fitted roughness (black) and the RMS roughness 
measured by AFM (red) in the craters  (made under the 500 eV O2+ beam 
sputtering at incidence of 56º) as a function of sputtering depth, showing a 
similar trend (increasing with depth). 
 
Figure 6.1 shows 0.5, 1 keV O2+ beam with incidence 56° depth profiling (a) 30Si+, (b) 
11B+ for  sample B. 
 
Figure 6.2 4 ×4 µm2 AFM images of the crater surface after SIMS profiling in UHV to 
depths of about 150 nm using (a) 1.0 keV; (b) 0.5 keV without both. The 
RMS roughnesses of these images are (a) 0.58 nm; (b) 2.92 nm. The data 
scales were set at maximum values of 5 nm for (a) and 20 nm for (b) 
respectively. 
 
Figure 6.3 shows depth profiling (sample A) 11B+ obtained  using 0.5 keV O2+ beam 
bombardment with  sample rotating, oxygen flooding and without both 
respectively. 
 
Figure 6.4 FWHM of delta profiles extracted from SIMS  analyses with 0.5 keV O2+  
beam for  sample A under three  experimental conditions. 
 
Figure 6.5 4 ×4 µm2 AFM images of the crater surface after SIMS profiling in UHV to 
depths of about 150 nm using (a) 0.5 keV with sample rotation; (b) 0.5 keV 
with oxygen flooding. The RMS roughnesses of these images are (a) 0.21 nm 
and (d) 0.16 nm.  The data scales were set at maximum values of 5 nm. 
 
Figure 6.6 shows depth profiling sample C 11B+ obtained by using 1 keV and 500 eV O2+ 
beam bombardment with incidence 56°. 
 
Figure 6.7 shows depth profiling (sample D) 70Ge+ obtained using 0.5 keV O2+ beam 
bombardment with sample rotating and oxygen flooding respectively. 
 
Figure 6.8 shows depth profiling (sample D) 70Ge+ obtained using 0.5 keV O2+ beam  
bombardment with sample rotation at difference rate. 
 
Figure 7.1 shows depth profiling using 300 eV O2+ at 75° without sample rotation. 
 
Figure 7.2 2×2 µm2 AFM image of the crater surface after SIMS profiling in UHV to  
                  depth of about 150 nm using 300 eV without sample rotation. The RMS  
                  roughness of the image is 2.55 nm. The Z-scale was set at maximum value  
                  of 20 nm. 
 
Figure 7.3 shows depth profiling using 300 eV O2+at 75° with sample rotation, Raster  
                  area is 320×320 µm2. 
 
Figure 7.4 2×2 µm2 AFM image of the crater surface after SIMS profiling in UHV to  
                  depth of about 150 nm using 300 eV with sample rotation. The RMS  
                  roughness of the image is 0.32 nm. The Z-scale was set at maximum value  
                  of 5 nm. 
 
Figure 7.5 shows a crater profile obtained using Alpha-Step 500 profilermeter, formed  
               after 300eV O2+ beam bombardment at 75° incidence without sample rotation 
High depth resolution profiling for Magnetic-Sector SIMS viii
Table of Contents                                                                                                    Ph.D  Thesis / Liu Rong 
                 (cf. fig. 7.1). 
 
Figure 7.6 shows a crater profile obtained using Alpha-Step 500 profilermeter, formed  
                  after 300eV O2+ beam bombardment at 75° incidence with sample rotation  
                 (cf. fig7.3). 
 
Figure 7.7 shows depth profiling using 300 eV O2+at 75° with sample rotation, Raster  
                  area is 450×450 µm2. 
 
Figure 7.8 2×2 µm2 AFM image of the crater surface after SIMS profiling in UHV to  
                  depth of about 150 nm using 300 eV with sample rotation and  450×450  
                  µm2 scanned area . The RMS roughness of the image is 0.22 nm. The z- 
                  scale was set at maximum value of 5 nm. 
 
Figure 7.9 shows a crater profile obtained using Alpha-Step 500 profilermeter, which  
                  formed after 300eV O2+ beam bombardment at 75° incidence with 450×450  
                  µm2 scanned area and with sample rotation (cf. fig7.7). 
 
Figure 7.10 FWHM of B delta profiles extracted from SIMS analyses with 300 eV O2+  
                   beam for sample A under three experimental conditions (cf. fig 7.1, 7.2 and  
                   7.3). 
 
Fig. A3.1. retarding/accelerating field effect for a positive primary ion beam in the  
                 Cameca 3f (or 4f) instrument. 
 
Fig. A3.2. retarding field effect for positive primary ion beam   and 4.5 keV sample  
                 bias in Cameca IMS 3f (or 4f) Instruments. 
 
Fig. A3.3. retarding field effect for positive primary ion beam Eo and Es sample bias  
                 in Cameca IMS 5f or 6f Instruments. 
 
Fig. A3.4. calculation of the angle of incidence θeff  as a function of primary ion source  
                 energy using a simple approximation [Eqn.(3 or 4)]. In the insert, the   
                 deflection of the primary ion caused by the retarding field is shown. 
 
Fig. A3.5. design of the primary column of the IMS-4f to 6f showing the two pairs d   
                 deflection plates in the x-direction, focusing lens L3 and immersion lens.   
                 The solid line represents the ion trajectory when applying VP = 270 V on the  
                 deflection plates. 
 
Fig. A3.6. equa-potential lines of the retarding field penetrating into the last diaphragm  
                 of the primary column. The curves represent the ion pads when applying  
                 VP = 270 V (left side) or -50 V (right side) on the deflection pates and V0 = 
+4.5 kV (solid curve) or 0 kV (dashed curve). 
 
Fig. A3.7 primary column and secondary ions extraction system configuration of the  
                 IMS 6f. 
 
Fig. A3.8 variations of the incidence angle θ’  as a function of  the  ion   source  
                 extraction voltage for different positive secondary extraction voltage. 
 
 
High depth resolution profiling for Magnetic-Sector SIMS ix
 Summary 
 
Secondary Ion Mass Spectrometry (SIMS) depth profiling is an important 
technique for the characterization of thin and sharp features at nanometer depth 
resolution. Following the miniaturization of IC devices, the capability of SIMS to attain 
high depth resolution has become crucial. To achieve nanometer depth resolution, SIMS 
is only exceeded by transmission election microscopy (TEM), but SIMS is more 
convenient as there is no requirement for extensive sample preparation. Besides 
instruments and sample- related factors, the depth resolution of SIMS depends on the 
nature of the ion-solid interactions. The most important processes that limit depth 
resolution in SIMS are atomic mixing, surface roughening, ion beam induced 
inhomogeneous erosion and chemically driven segregation, etc. Among these, atomic 
mixing and surface roughening often play dominant rules. This thesis aims to study 
various phenomenon that many limit the depth resolution of depth profiling as well as 
evaluate various methods that may reduce the related artifacts in  a Cameca IMS-6f 
SIMS instrument. A single SiGe/Si quantum well sample, SiGe and BN delta-doped Si 
standard samples are employed for the studies. Most analyses were performed using 0.3-
2.0 kev O2+ at various incidence angles with and without oxygen flooding and sample 
rotation. The phenomena under consideration includes atomic mixing, surface 
roughening and ion beam induced inhomogeneous erosion.  
From the present study, the optimization of SIMS operating conditions for Ge 
single quantum well structure sample was conducted by O2+ sputtering at various 
incident angles (44o-62o at 1 keV) and impact energies (0.5-2.0 keV at 56o). It was found 
that 1 keV and 56o incidence is the optimum condition at which the roughening and 
mixing effects are reduced. Atomic mixing is minimized by using lower primary beam 
energy, in many cases, grazing incidence. Backside SIMS depth profiling is one possible 
solution to overcome the mixing problem. Surface roughening could be minimized by 
 x
 oxygen flooding or sample rotation techniques. In lower energy range (<1 keV) depth 
profiling, for B and Ge, the depth resolution is different with oxygen flooding and 
sample rotation due to the Ge segregation effect. An empirical model, the mixing-
roughness (MR) model, is used for the curve fitting as well as to determine the ion beam 
mixing and surface roughening parameters that contribute to depth resolution 
degradation. Lastly, we report using 300eV O2+ beams for the magnetic-sector IMS-6f 
SIMS. Specifically, for 300eV O2+ impact energy incident at 75˚, primary ion beams 
focus more poorly and the effect of crater shape on depth resolution increases in 
importance and its effect increases with depth. Furthermore, the sputter-induced 
roughening is still present for 300 eV O2+ at 75˚ incidence. With sample rotation, we 
could minimize the sputter-induced roughening. Due to poor beam focus and higher 
incident angle of 75˚, this geometry produces a sputter crater that has the appearance of a 
























CHAPTER ONE:  
Introduction  
1.1 The need for high depth resolution Secondary Ion Mass Spectrometry (SIMS)    
In the last two decades, SIMS has become an indispensable, reliable, quantitative 
analytical technique for production control in integrated circuit technology and the after-
sales care of integrated circuits. Its sensitivity, which can be in the parts per billion for 
some elements, is far beyond the reach of surface analytical techniques such as Auger 
electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS). Today, the 
latest developments in SIMS instrumentation is keeping pace with the latest challenges 
of the ultra-large-scale integration (ULSI) roadmap for integrated circuits, which 
indicates the dimensions of the circuits that are predicted in the years to come. We speak 
of ultra-large-scale integration (ULSI) of devices when the critical dimensions of an IC 
on a wafer are ~0.1–0.2 µm. (very-large-scale-integration covers submicron dimensions 
from ~0.8 µm downwards). According to the ULSI roadmap, the critical dimensions on 
wafers in 2007 should approach 0.08 µm. As a consequence, the junction depth (xj) of, 
for example, the source/drain on MOS transistors is expected to approach 40 nm (the 
regime of shallow implants) and a depth resolution of ~1 nm then will be required. A 
number of analytical challenges for SIMS develop directly from this requirement. SIMS 
analysis of ultrathin structures today is reaching its limit in depth resolution so that ion 
beam modification effects become rather significant. Despite the improvement in depth 
resolution with the use of lower primary ion beam energy, the measurements still suffer 
from primary ion induced mass transport (ion mixing). One critical application of SIMS 
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low-energy ion beams, heavy primary masses, and higher angles of incidence reduce 
these effects. 
 
Fig 1.3 cross-sectional TEM image of  












Fig 1.2 16 period superlattice with alternate 
1 nm Si and Ge layers profiled with 
FLIG™ [ref 1]. 
 
Figure 1.2 illustrates the dramatic improvements possible by lowering the beam 
energy from 2 keV to 300 eV (using normal incidence oxygen ions) for a SiGe 
superlattice.1 Growing alternate layers of Ge and Si on a substrate produces increasing 
stress, due to the different atomic spacings, resulting in the buckling visible in the TEM 
image, fig 1.3. This explains the improvement in resolution with depth, seen in Fig 1.2 
We may recognize this depth profile, which has become SIMS community logo, 
continuous improvement in depth resolution and accuracy, which is my goal of the 
thesis. 
Lower beam energy quadrupole SIMS is often used because the ion incident 
angle is independent of beam energy, and intense low-energy (down to 200 eV) primary 
beams can be obtained using a floating ion gun.2 Furthermore, sample rotation, can be 
realized easily in quadrupole SIMS due to the target at ground potential and this makes 
charge compensation by electron flood gun very simple, which greatly facilitates 
inspection of insulators. As the target is kept at a high bias potential on a magnetic-sector 
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SIMS instrument, the use of sub-keV beams is challenging and at the same time it is 
difficult to realize sample rotation due to the target bias. In magnetic-sector SIMS 
instruments, a high positive potential of several kilovolts is applied to the sample to 
ensure high transmission of the positive secondary ions. Hence, a primary beam is 
inevitably deflected by the sample, except for normal incidence. The deflection of a 
very-low-energy beam can be so large that the beam is repelled; it cannot reach the 
sample surface any more. The reported lower limit for the magnetic-sector SIMS 
instrument IMS-4f is ~ 1.5 keV.3 We will mainly focus on using < 2 keV, especially sub-
keV primary beams with the IMS-6f magnetic-sector SIMS. 
In spite of the achievements made in improving the accuracy of SIMS depth 
profiling of ultra shallow junctions, challenges remain in characterization involving 
abrupt interfaces. For instance, a measurement of dopant distribution across the gate 
dielectric of a complementary metal-oxide-semiconductor (CMOS) device requires a 
good depth resolution and high detection limit that is beyond the capability of current 
state-of-the-art SIMS tools. Theoretically, the above-mentioned SIMS artifacts can be 
reduced if the depth profiling is performed from the backside of the sample.4 Due to 
primary ion beam atomic mixing, improved depth resolution is achieved when SIMS 
depth profiling is done from a low to a high concentration region. SIMS backside 
profiling takes advantage of the better depth resolution of the leading edge as compared 
to the trailing edge.5, , , 6 7 8   The use of backside SIMS provides a potential solution to 
many analytical challenges to frontside SIMS profiling. Mass transport phenomena in 
SIMS produced by the sputtering ion beam can be modeled using linear response theory 
and ‘true’ depth profiles can be derived from measured SIMS profiles using 
deconvolution techniques. To date, several deconvolution algorithms have been 
developed9, 10, , ,11 12 13 but none of these algorithms have been widely used because the 
calculations are typically complicated and time consuming. The use of mathematically 
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simple procedures14, 15 allows us to minimize the mixing effect, i.e. to improve the depth 
resolution of the SIMS. 
 
1.2. Practical issues and solutions to accurate SIMS depth profiling  
SIMS is the most widely used technique for characterizing dopant profiles for IC 
processing. The reason lies in its inherent detection sensitivity with ion intensities 
possibly measured over a dynamic range as broad as nine orders of magnitude and it can, 
in principle, monitor all elements. The detection limits of the SIMS technique are due in 
part to the use of certain primary ion beam species that enhance the secondary ion yield 
of the elements contained in the analyzed sample. Reactive ions such as O2 + and Cs+ are 
most frequently been used as primary ions in conventional SIMS analysis for enhancing 
positive and negative secondary ion yields respectively.16 
SIMS depth resolution, which is a measure of the ability to localize a 
concentration measurement at a depth and distinguish between features at different 
depths, has a complex dependence on the ion bombardment conditions as well as the 
physical and chemical properties of the sample under study. Several SIMS depth 
resolution parameters are in common use because of the large dynamic range of SIMS 
data, and because of their many applications, e.g. pragmatic estimates of feature 
separability, figures of merit for instrumental performance, and the investigation of 
physical processes. They are generally of two types: width parameters - derived from the 
width of a depth-calibrated feature at some well defined height (e.g. full width at half 
maximum (FWHM)); and inverse slope parameters - the distance over which the 
measured signal changes by some fixed amount (e.g. decay length – the distance over 
which the signal decreases by a factor e). Figure 1.4 shows the most common 
parameters. At present, the definition of the depth resolution, ∆z, recommended by the 
International Union of Pure and Applied Chemistry (IUPAC) and by committee E 42 of 
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the American Society of Testing and Materials (ASTM-E42), is given by the distance 
over which the change between 16% and 84% of the intensity of the profile at a sharp 
interface is measured. This definition has a precise physical meaning only for a Gaussian 
shape of the depth resolution function.  In that case ∆z =2σ; where σ is the standard 
deviation of the corresponding Gaussian function. The detailed discussion of depth 
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beam current and the beam focusing becomes difficult, resulting in poor sputter rate and 
sensitivity.2, 23 Nevertheless, lowering the primary ion beam energy is still needed to 
profile ultra shallow implants due to the need to keep the ion mixing region shallower 
than the projected range of the implant and therefore, maintain good depth resolution.24 
As the implanted dopant is often extremely shallow, lowering the bombarding 
energy decreases the penetration depth of the primary ions, thereby condensing the initial 
non-steady state sputtering regime known as the surface transient region. Changes in 
secondary ion yields and sputtering rates observed in this region make quantification of 
the SIMS data problematic. Oxygen flooding8, 25  and silicon capping8 are usually 
employed for accurate analysis of the topmost few nm of the sample surface. With the 
use of oxygen flooding, the equilibrium sputter condition has been reported to be 
attained much faster than profiling without an oxygen ambient, and the matrix effect 
between native oxide and silicon substrate is also reduced.26, 27 However with oxygen 
flooding, the detection limit is found to be poorer due to the scattering of primary ions at 
high gas pressures above the specimen which increases the crater wall contribution,8 and 
for some elements such as Ge, Cu, Sb etc. segregation effects will degrade the depth 
resolution  Silicon capping is done by depositing a layer of amorphous silicon, usually by 
means of sputter deposition at room temperature, on top of the specimen. In doing so, the 
surface transient region occurs in the deposited layer and the equilibrium sputter 
condition is attained before the specimen surface is reached. An additional advantage of 
this technique is that the sample surface is protected from contamination caused by 
continued exposure of the sample to air. The native oxide which is now sandwiched 
between the silicon capping layer and silicon substrate could cause an interfacial yield 
enhancement problem that may distort the measured profile. This yield enhancement can 
be lessened if oxygen flooding is incorporated into the analysis. As for the case of 
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backside SIMS depth profiling, the direction of analysis is from the backside of the 
specimen and so the transient effect occurs beyond the interesting part of the profile.  
The advantages of low energy sputtering in the sub-keV regime at oblique 
incidence are often offset by the early onset of crater bottom roughening. In particular 
with oxygen ions, it has been known for a long time that oblique incidence ion 
bombardment on metal and semiconductor surfaces causes the formation of ripples on 
the crater bottom.28, , , 29 30 31 It has been shown that ripple formation starts after a critical 
ion fluence which depends on energy and incidence angle.29 Figure 1.5 shows ripple 
formation during a low energy (1 keV) depth profiling sputtering at two different 
incident angles.32  The surface roughness induced by the primary ion beam is very 
sensitive to beam incident angle.  
 
                                     
                                      (a)                                                                                 (b) 
 
Fig 1.5  2.0 x 2.0 µm2 AFM images of (a) 45° and (b) 60°  
                                        after 1 keV O2 + sputtering to the QW layers respectively. 
 
 
Techniques such as oxygen flooding33,  34  and sample stage rotation 35, 36 have 
been studied extensively and proven to be effective in suppressing surface roughening. It 
has been previously reported that the application of oxygen flooding at saturated oxygen 
partial pressures during 1 keV O2+ sputtering at oblique incidence of 56° leads to the 
formation of homogenous stoichiometric silicon dioxide at the crater bottom. Under such 
conditions, the development of roughening can be effectively suppressed.37  Sample 
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rotation has been shown to be effective both in Auger38 and SIMS39 depth profiling. 
Studies have been performed on the applicability of this technique to the suppression of 
the characteristic topography development on semiconductor40 and metal41 surfaces.   
Currently, the general solution to achieving accurate depth profiles with the 
lowest “knock-on” and mixing effects is by a combination of low primary ion beam 
energy (in sub-keV regime) with roughness suppression techniques. Most of the SIMS 
depth profiles in this thesis are perform at low primary ion energy of 0.5 keV at 
56° incidence with either oxygen flooding or sample rotation for roughness suppression.  
 
1.3. Main focus of this thesis  
With the increasing stringent demand for SIMS depth profiling of very shallow 
semiconductor structures, this thesis focuses on the study of the various factors that 
affect the depth resolution during ultra-shallow depth profiling of Si samples. All 
analyses involved the detection of boron (B) and germanium (Ge) in Si which are the 
most important elements for coming generations of CMOS transistors. These two 
elements were chosen as B is expected to ‘behave’ nicely in SIMS analysis, e.g., B does 
not segregate during SIMS analysis and Ge is more challenge due to segregation during 
SIMS analysis.  All profiling were performed using a state-of-the-art CAMECA IMS 6f 
SIMS instrument with 0.3 – 2.0 keV O2 + primary beams at various incidence angles.  
According to Hofmann,42 depth resolution or broadening of a profile can be 
described mathematically by a resolution function g(z-z´) which affects the concentration 
X(z). If the integral over this resolution function is normalized to unity, the measured 
normalized intensity I/I0 is given by the convolution integral 




zI                                         (1.1) 
The depth distribution X(z) is obtained by deconvolution of Eq. (1.1), if the resolution 
function is known. It is difficult to predict the exact shape and width of the resolution 
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function g(z-z´) due to the large number of factors such as lateral inhomogeneity of 
depth distribution, surface roughening, atomic mixing, information depth, inhomogeneity 
of ion beam intensity, etc. If these contributions are independent then they add up in 
quadrature to the experimentally obtained ∆z, depth resolution parameter, i.e. 
                                                                         (1.2) 22 )(∑ ∆=∆
j
jzz
where ∆zj corresponds to contributions to measured depth resolution ∆z due to different 
factors. For higher depth resolution, the contributions from atomic mixing and 
information depth become predominant. From equation (1.2), we may roughly add all 
contributions to the attainable resolution statistically, i.e.  
             ∆z2total = ∆z2intr + ∆z2mix + ∆z2roughn + ∆z2inhom + ∆z2diff + ···.        (1.3) 
 
∆z2intr is related to the intrinsic item; ∆z2mix is related to atomic mixing item; ∆z2roughn  is 
related to ion beam induced crater roughening item; ∆z2inhom is related to ion beam 
induced inhomogeneous erosion item; ∆z2diff is related to ion beam induced diffusion 
item.   In a similar way, we could transfer the characteristic exponential length λ in a 
form like equation (1.3). In my thesis, the characteristic exponential length λ is used to 
quantify the depth resolution. Higher depth resolution means smaller λ. For low energy 
(E< 3keV) and high ion incidence angle (θ>60˚), the first item of Equ (1.3) dictates 
intrinsic λ, for which values as low as 0.4 nm have been reported, we could neglect the 
first term of equation (1.3).  
In chapter 4, we first focus on the dependence of depth resolution on O2+ primary 
beam ion energy for a SiGe single quantum well structure, e.g. the second item of 
equation (1.3). To perform a series of depth profiling experiments on Si/SiGe single 
quantum structure under various conditions, useful information about decay length for 
ion mixing can be obtained from SIMS depth profiles as function of impact energy. We 
take a step further to investigate the relation between mixing parameter as a function of 
impact energy by O2+ beam. Due to the instrumental limit, incident energies below 
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500eV is a challenge for the magnetic-sector IMS-6f SIMS.  Floating ion gun (FLIG) 
could give 200eV lower energy with high current density. But, this is used mostly for 
quadrupole-based SIMS, which first invented by Dowsett et al.2 For IMS-6f, there is no 
this function. To overcome the mixing problem, backside SIMS depth profiling is one 
possible solution. 
In chapter five and six, we evaluated the third item of equation (1.3) - the 
roughening of the sputtered crater bottom. The studies were performed using AFM 
imaging and roughness measurements on the craters resulting from the depth profiling, 
and observing trends as a function of impact energy and incidence angle. The 
measurement of depth resolution was made possible by using a special SiGe and BN δ-
doped sample consisting of multi-delta-layers deposited in a specific array. The analyses 
were performed using O2+ with and without additional oxygen flooding and sample 
rotation. It will be demonstrated that the roughening of sputtered crater bottom is one 
factor that degrades the depth resolution in low energy depth profiling (<1 keV), and 
both oxygen flooding and sample rotation are shown to suppress surface roughening. 
However, for B and SiGe, the depth resolution is different with oxygen flooding and 
sample rotation due to the Ge segregation effect. An empirical model, the mixing-
roughness (MR) model, is used for the curve fitting as well as to determine the ion beam 
mixing and surface roughening parameters that contribute to depth resolution 
degradation.  
In chapter 7, we report using 300eV O2+ beams for the magnetic-sector IMS-6f 
SIMS and evaluated the forth item of equation (1.3) - the crater effect due to 
inhomogeneous erosion. Specifically, for 300eV O2+ impact energy incident at 75˚ (IMS-
6f), primary ion beams focus more poorly and the effect of crater shape on depth 
resolution increases in importance and its effect increases with depth. Furthermore, the 
sputter-induced roughening is still present for 300 eV O2+ at 75˚ incidence. With sample 
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rotation, we could minimize the sputter-induced roughening, e.g. make the third term of 
equation (1.3) negligible. Due to poor beam focus and higher incident angle of 75˚, this 
geometry produces a sputter crater that has the appearance of a distorted parallelogram 
with a sloping bottom. Related crater effects will be discussed.  
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CHAPTER TWO 
SIMS Depth Profiling and Modelling  
 
 
2.1 An introduction to SIMS depth profiling 
   
     
    This section provides a brief review of the fundamental ion beam-solid 
interactions. The purpose of this review is to provide a practical overview of the 
interactions, including important variables and parameters, to assist in understanding and 
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2.1.1. The sputtering process 
The sputtering process can be described qualitatively, at least for amorphous and 
polycrystalline samples, by cascades of atomic collisions.1 An impinging primary ion 
experiences a series of collisions in the target material (Fig.2.2). Recoiling atoms with 
sufficient energy go through secondary collisions and create further generations of 
recoiling atoms. Both primary ions and recoil atoms have a chance to leave the target 
material as backscattered ions or secondary atoms. The majority of sputtered particles 
result from clouds of high-order recoil atoms. They have very low energies (several 









        Fig. 2.2 primary ions transfer energy in a collision cascade to the target atoms. Ion implantation (A)  
        or backscattering (B) may occur. A third alternative, for thin samples only, is forward scattering (C).      
        Atoms from the target material can leave the sample after several collisions as secondary particles    
        (backward sputtering: a and b; transmission sputtering: c).  
 
The collision cascade has a characteristic dimension of about 10 nm in SIMS for 
typical energies of 10-30 keV. Crystalline targets allow typically much higher 
penetration depths along open crystal directions in a so-called channeling process. The 
collision cascade model is not applicable here, because binary collisions are relatively 
rare. In the 0.1-1 keV-energy regime, as well as for very light ions, primary recoil events 
account for much of the sputtering. In this process, the primary-ion beam either ejects 
surface atoms directly or after a few recoil events. Although sputtering with very low 
energy ions significantly reduces the damage to the sample and the extent of mixing 
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because of lesser amounts of energy transfer and small penetration depth, it is not very 
efficient and ion beams with energies of at least a few hundred electron volts are required 
for efficient sputtering.2 For typical energies used in depth profiling, linear cascade 
sputtering is the dominant mechanism for physical sputtering.3, 4 The collision cascade 
imparts motion to a large number of atoms in a local region about the ion impact site. 
This motion is isotropic and atoms moving toward the surface can be ejected if their 
energy exceeds the surface binding energy when they reach the surface. Spike-induced 
sputtering is often used as an explanation for much larger than expected sputtering 
yields. The probability of spike sputtering increases when using heavy ions and higher 
energies. 4
 
2.1.2. Emission of secondary ions 
The ionization energy of an element is decisive for the generation of positively 
charged secondary ions. Consequently, ions from alkali and alkaline–earth metals are 
formed most efficiently during the sputtering process. On the other hand, for negative 
secondary ions, the electron affinity plays the major role, and halogens have the highest 
ion yields. Besides this, the ionization probability depends strongly on the charge state of 
the respective particle within the sample, i.e., its chemical environment. This 
characteristic, known as the “matrix effect”, complicates the proper quantification of 
SIMS results.  
 
2.1.3. Post-ionization of sputtered neutrals 
About 99% of all secondary particles escape the sample electrically neutral and 
are not detectable in classical SIMS. However, by subsequent ionization with electron or 
laser bombardment,5, ,6 7 the sputtered neutrals can be measured in a mass spectrometer. 
The mass spectrometry of secondary neutrals (SNMS) has two major advantages: (1)  
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The ionization efficiency is increased compared to the SIMS process. (2) Matrix 
effects are reduced because the secondary particles are ionized after they have left the 
solid body, and when the chemical environment has lost most of its influence. 
In general, multiphoton processes are necessary to exceed the first ionization 
potential for atoms (4–17 eV for elements other than noble gases) and molecules. 
 Individual photon energies of most laser systems are typically too low to ionize 
the atom or molecule directly. Two major techniques for post-ionization with laser light 
have been established, resonant and non-resonant ionization. 
   
2.1.4 Mixing and Implantation 
Movements of atoms can be divided into two phases: (1) ballistic collision 
cascade and (2) cooling. In the ballistic phase, the ion transfers most of its energy and 
momentum to the substrate in a series of collisions with the substrate atoms. If enough 
energy is transferred to the substrate atoms to overcome their binding energies, they are 
displaced. At high enough impact energies, a large number of atoms are displaced in a 
volume about the original impact point and the sequence of collision events is called a 
collision cascade. High-density cascades, in which essentially all the atoms in a local 
volume are in motion at once, are called “spikes”.4 The collision cascade continues until 
the recoiling atoms no longer have enough energy to become displaced. During thermal 
relaxation (cooling), locally enhanced vibrations and diffusion processes can occur, 
which result in substrate atomic intermixing that may extend considerably beyond the 
collision cascade volume. 
Both recoil implantation and cascade mixing occur during the collision cascade 
event, and together they are known as displacement mixing. Recoil implantation, or 
knock-on is atomic motion that occurs in the direction of the incoming ion beam and 
results from direct ion-atom collisions and preferential momentum transfer in the 
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direction of the ion beam. At low ion energies, heavier substrate species tend to undergo 
recoil implantation, while at high energies the lighter species is more likely to 
preferentially recoil.8 Cascade mixing, on the other hand, is generally regarded as a 
random walk process because of the randomization of the recoil directions and thus 
results in isotropic mixing.   
 
 2.1.5 Sputter yield 
 
The total sputter yield is defined as the average number of substrate atoms ejected 
for each incoming ion. The yield depends on the ion beam parameters (such as energy, 
mass, and angle of incidence), sample parameters (e.g., mass, crystal planes exposed, 
stoichiometry, topography, temperature and density) and the surrounding environment. 4,  
, 9 10  According to the Sigmund theory, the total yield is directly proportional to the 
energy deposited by the incoming ions in the near-surface region of the sample.4 The 
Sigmund theory is currently the basis for most theoretical descriptions of sputtering. It is 
a theory for elemental targets in the linear cascade regime and regards the sputter process 
as a series of binary collisions between a moving atom and a stationary one.11
 The Sigmund equation for the sputter yield Y can be written as 4
           [ ] [ ] oon UZZESMMY /),,(),/(042.0 2112 θα=          (2.1) 
where α is the fraction of energy available for sputtering and depends on the mass ratio 
of the substrate and ion beam, and on the ion beam incidence angle; Sn is the nuclear 
stopping power and is a function of the ion beam energy and the atomic numbers of the 
ion and substrate; and Uo is the substrate binding energy. The Sigmund equation predicts 
low yields for low ion energies and increasing yields with ion energy up to a broad 
maximum in the range of 10 to 100keV.4 Figure 2.3 shows the Si sputtering yield as a 
function of ion beam species and energy. 4  
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Fig. 2.3 Si sputtering yield as a function of ion beam species and energy [4]. 
 
The sputter yield also increases with increasing ion beam incidence angle, up to a 
maximum between 60o to 80o, because at these angles there is a higher probability of 
generating a collision cascade near the surface. At a more glancing incidence, less energy 
is deposited as the ion beam reflects off the surface, and the yield decreases significantly. 
 
 2.2 Influence of O2+ energy, incident angle and fluence on the surface topography 
development on Si 
   
     Ripple topography has been observed using many different ion species including 
noble gases 12, , 13 14, O2+  , , 15 16 17 and Cs+ , 18 19 on a variety of substrates including 
elemental 12-14, 16 and compound semiconductors15, metals17 and amorphous 
materials20, and under a wide range of sputtering conditions with ion energies ranging 
from 1 to 50 keV, and angle of incidence from oblique to grazing. Ripple formation 
from O2+ is complex because of the reactivity of oxygen. It has been extensively 
studied on Si surfaces at impact energies between 1.0 and 15 keV and incident angles 
between 35o and 55o. However, literature on roughening is limited for low-energy (≤  
1keV) ion bombardment at oblique incidence beyond 60o.  
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According to Vajo et al.21, ripples form readily on Si (001) when sputtering with 
O2+ energies between 1.5 and 9 keV at 40o. At 1 keV no ripples were observed. The 
observed changes in secondary ion yields accompanying ripple formation indicate that 
ripple growth is independent of ion flux and it was suggested that growth is 
exponentially dependent on sputtered depth.   
  
A recent roughening study by Jiang et al.22 using low energy (0.5-2.0 keV) O2+ 
bombardment at incidence angles between 48o and 80o shows that roughening occurs at 
an erosion depth of only a few tens of nanometers. It was found that there are distinctly 
two angular ranges for sub-keV beams where roughening was strong and two ranges 
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incidence angle. For 1 keV, 850 and 700 eV beams, there are two angular ranges near 
60o and 75o where surface roughening is strong. With decreasing beam energy, the two 
regions of strong roughening approach each other and they seem to merge at 600 eV. For 
500eV beam at 75o incident angle, the surface roughness is at low level. For 500eV, he 
only gave one data point. Jiang et al did not offer an explanation to this behaviour. 
However he suggested that a delicate balance between oxygen incorporation, surface 
curvature, viscous flow, and thermal surface diffusion determines the occurrence of 
surface roughening. 
A separate study by Wittmaack et al. has shown that between 38o and 62o 
incidence at l keV 23 O2+ bombardment on Si gives rise to very rapid growth of surface 
roughness.  The critical depth for the onset of roughening, dc,16 decreases with 
decreasing impact energy as shown in figure 2.5. The data points and the solid curve 
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effect, if any, would be insignificant. The only reported data is by Lewis et al.24 using 6- 
8 keV Ar+ beams. They did not find any surface orientation dependence. 
      
 
 
2.3   Effects of sample rotation and oxygen flooding on surface roughening in Si    
 
Oxygen flooding during SIMS analysis is a well-established method for 
enhancing the positive secondary ion yields25, 26. It is also used in depth profiling to 
reduce the surface transient; ion yields reach equilibrium levels almost immediately27. 
Moreover, a number of studies have shown that the depth resolution for B in Si 
bombardment by 3–8 keV O2+ bombardment is better with oxygen flooding. A recent 
study by CM Ng et al.28 on B delta-doped Si samples at 0.5-2.0 keV O2+ bombardment 
has shown that roughening in the craters is significantly suppressed to 0.1–0.2 nm (rms) 
as determined from AFM imaging using oxygen flooding at a pressure of 1.0 x 10-6 Torr. 
Another promising method to counter the problem associated with surface roughening is 
the use of sample rotation during sputtering. This has been shown to be effective both in 
Auger29 and SIMS profiling. 30 R. M. Bradley et al.31 advanced a theory that explains 
why sample rotation during depth profiling leads to a dramatic improvement in depth 
resolution. When the sample is rotated, the smoothing effects of viscous flow and surface 
self-diffusion can prevail over the roughening effect of the curvature-dependent sputter 
yield and generate a smooth surface. If the sample is not rotated initially and the depth 
resolution declines, they predict that subsequent rotation leads to improved resolution. 
This phenomenon has already been observed experimentally.   
 
2.4 Models for ripple formation 
  
O2+ beam sputtering is widely used in SIMS depth profiling. In many cases, a 
prolonged bombardment leads to the formation of ripples on the crater bottom. For 
instance, Stevie et al.16 and Wittmaack 32  found that ripples develop on Si during 
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bombardment by 5.5–10 keV O2+ beams at incidence angles between 32o and 58o. At 30o 
and 60o, the surface remains smooth and it is assumed that roughening does not occur 
beyond 60o. In the past decades, beam-induced surface roughening has been studied 
extensively, especially for inert ion beams. Sigmund evaluated the energy deposition of 
the incident ions below the surface and showed that the local curvatures of the surface 
cause roughening33. Later, Bradley et al. included in this curvature dependent roughening 
model a smoothing term due to thermal atomic surface diffusion34. Recently Carter et al. 
added contributions due to ballistic surface diffusion35. Chason et al. showed that on 
amorphous or amorphized surfaces, smoothing occurs mainly by viscous flow 14. 
However, the curvature dependent roughening model cannot explain the topography 
development on Si under O2+ bombardment. Elst et al. proposed that roughening under 
O2+ bombardment is induced by inhomogeneities in oxygen incorporation at the 
surface36.  This section serves to highlight the essence of each model, particularly the 
inhomogeneities in oxygen incorporation model and its relation to surface roughening. 
 
2.4.1 Models based on sputtering process 
One possible physical mechanism to explain the development of roughness is the 
sputtering process itself37. There are two approaches to model erosion. In the first, the 
stochastic nature of the sputtering is taken into account38. The erosion is treated as a 
random removal of surface atoms in space and time, yielding increasingly rougher 
surfaces with erosion depth. The models based on this concept are not able to account for 
ripple formation. They correctly predict the presence of roughness, but only on an atomic 
scale with randomly distributed features. The ripples are, however, periodic and have a 
wavelength that is at least 1000 times larger than the interatomic distance. The other 
approach treats erosion on a macroscopic scale i.e., it does not consider the erosion 
process as the removal of atom by atom but of layer by layer37. These models are based 
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on the fact that the sputtering yield depends on the incidence angle. Figure 2.6 shows that 









Fig. 2.6 sputtering yield of Si under 10 keV O2+ as a function of 
   incident angle from sample normal (from ref 39). 
If a particular topographical feature is present on the surface, then some facets are 
oriented toward whereas others are directed away from the beam. The local angle of 
incidence is changing, implying that different facets are sputtered to different extents. In 
the most general form, the erosion rate is given by  





δ Φ−=                                           (2.2) 
 where the parameter Y is the sputtering yield, nm is the matrix density and Φ is the flux 
of the primary beam measured normal to the direction of the primary beam. This model 
does not take into account the fact that the sputtering yield at a certain point is influenced 
by the impact of ions nearby. This effect was included in the model developed by 
Sigmund33 and it results in a dependence of the sputtering yield on the curvature of the 
topography. The theory predicts the growth of features only with lateral dimensions 
smaller than the cascade dimension.  
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The development of some roughness can theoretically be proven when the 
stochastic nature of the ejection is taken into consideration. However, the size of the 
predicted roughness is of orders of magnitude too small to explain ripple formation. 
 
2.4.2 Model based on erosion in combination with surface diffusion 
Bradley and Harper extended the sputtering model of Sigmund by including the 
effect of thermal surface self-diffusion34. This combination favours the development of 
roughness on a larger scale. The work predicts the formation of structures that are 
periodic in one dimension and aligned in the other direction. The aligned direction is 
perpendicular to the incoming beam for near normal incidence and parallel for very 
glancing incidence. The theory predicts an exponential growth of the amplitude A with 
time (A∼ert). According to the model, the wavelength λ of the ripples is equal to  









arnC sm                                    (2.3) 
and exponential growth factor r is given by 
   





2)(),,,,( θνγ=                                            (2.4) 
where C and  B are the parameters that are kept constant in our experiment in which nm 
,γ , ν and a are the matrix density, surface free energy, areal density of the diffusing 
atoms and average depth of energy deposition of primary ions respectively. The variables 
are the temperature T, incidence flux ƒ, sputtering yield Y and the self-diffusion 
coefficient Ds (∆E / kBT). Equation 2.4 shows that r varies as Texp (∆E / kBT) with ∆E, 
the activation energy of the surface diffusion under irradiation, predicting that r should 
decrease with temperature. This is in agreement with the experimental results obtained 
by Elst40. In addition, the dependence of the ripples on the sputtering yield was tested 
using this model. 
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A comparison between 8keV Ar+ and 8keV O2+ bombardment showed that no 
ripples are observed under Ar+ bombardment until a depth of 12µm whereas at that depth 
ripples of 1 µm in height are formed under O2+ bombardment, the O2+ sputtering yield 
differing by a factor of 3. This result certainly cannot be explained using the equation 
2.4. Consequently, the sputtering yield is not the key factor to explaining the difference 
in oxygen and argon results. Moreover, the increased growth using O2+ bombardment 
combined with oxygen flooding cannot be explained using the model by Bradley and 
Harper34. 
In short, this model can neither explain the increased growth rate r when oxygen 
is introduced into the sample chamber nor the different results between O2+ and Ar+ 
bombardment. 
 
2.4.3 Model based on stress-induced topography formation 
This model assumes that the ripples are due to the lifting of the sample surface 
caused by the stresses associated with the incorporation of the primary ions41. It can 
clarify the increased growth rate r with oxygen pressure and different behaviour under 
O2+ and Ar+ bombardment. It associates the former with the fact that larger stresses are 
induced by the incorporation of oxygen as compared to argon. This is because the 
retention of Ar in Si is much lower as compared to oxygen. However, this model fails to 
give an explanation to the observation that the ripples can be completely removed under 
full oxidizing conditions. 
 
 
2.4.4 Model based on the heterogeneity in incorporation of oxygen 
It has been found that the oxide layer formed on the crater bottom is always 
stoichimetric 42 during normal incidence O2+ sputtering. For oblique incidence, Alay et 
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al. performed an XPS study of the sputtered crater bottom and observed a mixed layer 
composed of Si and various silicon oxide states43. Using 8 keV O2+ bombardment with 
oxygen flooding over a range of different pressures, Elst et al.40 obtained a correlation 
between the presence of these mixed oxide states and the undulating topography shown 
in AFM images. It was found that ripple formation is inhibited when the altered layer 
consists of pure Si or pure SiO2 and pronounced ripple formation was observed when Sio 
/ Si4 is nearly one. Similar results were obtained by Ng et al. using 1 keV 56o O2+ 
bombardment with oxygen flooding 44. Both their results suggested that a heterogeneous 
layer formed by O2+ bombardment is responsible for the development of ripples. Ng et 
al. deduced that when the sputtered oxide surface has either a low (in the case of no 
oxygen flooding) or high SiO2 (in the case of saturated oxygen partial pressure) surface 
concentration, the resultant surface roughening was slow. On the other hand, when 
oxygen flooding at intermediate pressures was used, an oxide layer consisting of SiO2 
and sub-oxide fractions was formed with high surface roughness. Their result indicates a 
direct correlation between surface roughening and composition on the sputtered surface, 
i.e., the presence of heterogeneous layers is responsible for the seeding and subsequent 
growth of ripples. This is consistent with the local incorporation model proposed by Elst 
et al. 36. 
Elst et al. 40 proposed that the heterogeneity of the internal layer is the dominant factor in 
ripple formation in Si under O2+ sputtering. They demonstrated that surface oxidation of 
a Si sample is not enough to induce the formation of ripples by sputtering the Si using 
12.5 keV Ar+ and O2+ beams with oxygen flooding. The experiments revealed that the 
Ar+ bombardment with oxygen flooding increases surface oxidation but not the oxygen 
content of the altered layer while there is no resultant surface topography on the 
sputtered Si. On the other hand, the O2+ bombardment with flooding increases not only 
the surface oxidation, but also the oxygen content in the altered layer, and when the 
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surface topography was characterized with pronounced ripple formation. The lack of 
ripples on the Ar+ was attributed to the lack of a heterogeneous oxide layer since 
incorporation of oxygen into Si sample was poor. Thus, a two-step model was proposed 
for the formation of ripples on Si. The first step relates to the formation of ripple seeds 
caused by the heterogeneity of the internal layer, and the second step relates to the rapid 








Fig. 2.7 relative amounts of the chemical Si4+ and elemental Sio states in the Si altered layer (from ref 43). 
 
The importance of the heterogeneous internal layer for ripple seed formation can be seen 
from figure 2.7 where the relative amounts of the different Si sub oxides of the internal 
layer are displayed as a function of angle of incidence. It is clear that 30o - 60o is the 
angle range where the internal layer is heterogeneous (not Si, nor SiO2).  
 
As none of the models is capable of explaining the features of ripple formation on 
Si under O2+ bombardment fully, a local incorporation model was proposed, in which 
two aspects of the mechanism were discussed:  (1) The ripples are not stationary but 
propagating laterally and (2) the mixed layer beneath the face directed towards the beam 
contains more oxygen than the one beneath the face directed away from the beam. Fig 
2.8 is a schematic illustration of this proposed mechanism. 
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The MRI model45 is one of the few models accounting for the surface roughening 
and atomic mixing effects during depth profiling by sputtering. This so-called mixing-
roughness-information depth (MRI) model is based on the three fundamental parameters 
in sputter depth profiling: 1) atomic mixing; 2) surface roughness and 3) information 
depth. Atomic mixing in the approximation of complete mixing characterized by a 
mixing length ω is modelled by equation 2.5; while surface roughness is characterized by 
a Gaussian term with a standard deviation σ represented by 2.6. The information is 
represented by an exponential term λ, which is the characteristic escape depth of the 
ions. 
Atomic mixing:       g (ω) = exp [ - (z – zo + ω) / ω]                          (2.5) 
Information Depth:  g (λ) = exp [- (z – zo) / λ]                                   (2.6) 
Surface roughness:  g (σ) = 1/(2πσ)1/2exp [-(z – zo)2/2σ2]                  (2.7) 
where z is the sputtered depth and zo is the running depth parameter for which the 
idealized composition is defined. 
In general, a superposition of the three main contributions (g (ω), g (λ), g (σ)) generates 
the depth resolution function g (z – zo). Figure 2.10 schematically depicts the 
convolution of the three partial depth resolution functions to give the resolution function 
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The calculated depth profile I(Z) is then obtained when the real world compositional 
distribution X(Zo) is convoluted with the depth resolution function g(Z-Zo) and is 
described by the convolution integral  as shown below: 
∫∞
∞−
−= dZoZoZgZoXzI )()()(          (2.8) 
     
where Z denotes the depth that varies from - ∞ to +∞ and X (Z o) is the molar fraction of 
the considered element at depth Z o.  
In principle one can also obtain the in-depth distribution X (Zo), according to 
equation (2.8), by the deconvolution of the measured profile if g (Z-Z o) is known. 
However, in this work, deconvolution of the measured profile was not performed. 
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The Fourier Transform of the experimental depth profile is therefore the produc
Fourier Transform of the theoretical profile and the depth resolution function, wh
be easily calculated using the MATLAB software. 
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Atomic mixing 
In the MRI model, atomic mixing generates instantaneously a compositionally 
homogenous zone of limited depth ω. Such a zone is built up after a certain sputtered 







With this assumption, the first order differential, which is shown in equation 2.12, can 
then be used to account for the change in the theoretical depth profile as a result of 
atomic mixing.  XoA is the original, unaltered concentration of A at a depth of Z+W. XA 
is the concentration of the element A depicted in the profile after the effects of atomic 
mixing as represented by ω have taken into account. dXA/dZ is then the rate of change of 
concentration of A with the sputter depth Z. 
                                (2.12) 
For a sandwich layer structure B / A /B, with abrupt interfaces at Z1 (B / A) and 
Z2 (A / B), the solution of equation (2.12) is as follows:  






For trailing Edge (in the region Z > Z2 – w): 
 These equations (2.13) and (2.14) account for the leading and trailing ed
of a measured depth profile as a result of atomic mixing. The equations
and trailing edges are plotted (as shown in fig. 2.11) for several values of
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Observations can be made on the effect of mixing on the original square 
distribution function. Firstly, it is broadened and secondly, its shape is that of a steeply 
rising leading edge followed by an exponentially decaying trailing edge. The higher the 
value of mixing, ω, the larger the broadening of the depth profile. If this happens, the 
resolution of interface A/B/A is poor. 
 
Fig. 2.11 mixing Functions for w <5.0nm with fixed σ =0.3nm. 
 
Surface roughening  
 
 






















The equation (2.15) represents the effects of surface roughening on the depth profile.  A 
Gaussian47 is chosen because the distribution of points on the surface are expected to 
follow this distribution.  Observations can be made on the effect of roughening on the 
original square distribution function as shown in fig. 2.12. The original square 
distribution function shows a Gaussian broadening as described by equation 2.15. The 
higher the value of roughening, σ, the higher the broadening and lower the intensity of 
the profile.  
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Fig. 2.12 Roughening function for σ <5.0nm with fixed ω =0.3nm. 
 
In SIMS profiling, the information is given by the escape depth of the secondary ions 
which is usually assumed to be 1-2 monolayers and has only a very weak and practically 
negligible dependence on the primary ion energy48. Therefore, the MRI parameter λ in 
SIMS is generally taken as 0.3-0.4nm and can often be neglected as demonstrated in one 
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In this chapter, an overview of the experimental techniques and procedures for 
this project is presented. The main experimental techniques used in this work include 
secondary ion mass spectrometry (SIMS), surface profilometry, and atomic force 
microscopy (AFM).  
In section 3.2, an overview of the SIMS depth profiling technique, its basic 
working principle and the associated terminology used in the subsequent chapters is 
discussed.  Analysis conditions, practical issues in SIMS depth profiling and 
quantification of SIMS data will be introduced in section 3.3 and section 3.4 
respectively.  Section 3.5 is devoted to an introduction to the surface profiler for crater 
depth measurement. SIMS is a destructive technique whereby a crater is formed during 
depth profiling. The surface morphology of the craters formed on the semiconductors 
after SIMS depth profiling can be imaged using AFM, which is introduced in section 3.6.  
 
3.2 SIMS Instrument 
There are various kinds of SIMS instruments which differ in their complexity, 
performance, and the ways in which they generate and detect secondary ions. But they 
all contain the same basic components: 
(1) one (or more) primary ion source(s);  
(2) a primary beam selector (more precisely, a purifying energy and/or mass  
 filter) ;  
(3) focus and deflection stage(s) ;  
(4) target chamber with loadlock and holder ;  
(5) a secondary ion energy discriminator;  
(6) the mass analyzer ;  
(7) the detector (assembly) ;  
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(8) data storage and manipulation facilities.  
 
The ion source used most frequently for the generation of O2+, O-, Ar+ and Xe+ is 
a duoplasmatron and the ion optics used to transport the beam to the sample can focus the 
beam to a diameter as small as 500 nm. For Ga+ and Cs+ ion beams, the probe diameter 
can reach about 100-50 nm, and is often used for SIMS imaging. The vacuum of the 
analyzing chamber ranges from 10-7 mbar to ultra-high vacuum of 10-11 mbar and it 
usually contains an electron gun to neutralize charge buildup caused by the primary ion 
beam bombardment on insulating samples. The high vacuum requirement avoids 
unwanted scattering of the primary and secondary particles and prevents adsorption of 
contaminant gases on the analyzed surface.
Currently there are three types of mass analyzers, namely quadrupole, time-of-
flight (TOF) and magnetic sector. The quadrupole mass analyzer has not only proven 
itself as a useful device for residual gas analysis in UHV systems, but has also been 
applied with great success as a detector in dynamic SIMS. Several companies have 
marketed such systems. A tutorial of the basic design considerations for implementing 
quadrupoles in SIMS analyzers can be found in an old, but superb overview.1 Time-of-
flight mass spectrometers use the concept that when ions of different mass/charge ratio 
are accelerated to the same kinetic energy, they will have different velocities. TOF 
analyzers generally have high transmission and theoretically unlimited mass range. Its 
detailed technique can be found in A. Benninghove’s overview.2
Double-focusing magnetic mass spectrometers in SIMS are separating secondary 
ions by electrostatic and magnetic sector fields (Fig. 3.1). In the electrostatic field, the 
secondary ions are dispersed according to their energy. Centrifugal and electrostatic 
forces are in equilibrium here: 
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                 qEr
mv =
2
                                                                  (3.1) 
 
The radius r depends in a given electrostatic field E on the kinetic energy (mv2/2) per 
charge q. With the aid of the energy slit (cf. Fig. 3.1), selection of secondary ion energies 
is possible, and the system can be used as an energy filter.  
In the following magnetic field B, the secondary ions are dispersed according to their 
mass-to-charge ratio and their energy. It can be regarded as a filter for momentum (mv). 
Here, centrifugal and magnetic forces are in equilibrium 
                qvBr
mv =
2
                                                                 (3.2) 
 
The combination of electrostatic and magnetic fields allows compensation of energy 
dispersions from the electrostatic and magnetic analyzers. The result is separation of 
secondary ions according to their mass-to-charge ratio regardless of their energy, the 
principle of double-focusing mass spectrometry. Magnetic sector analyzers have the 
advantage of achieving high mass resolution and can separate species of equal nominal 
number (e.g. 28Si and 12C 16O) but with small differences in mass (27.978 and 27.995 












 Fig. 3.1 schematic view of a DF-SIMS instrument. 
 IMS 6f 
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The analytical instrument used in this project is a state-of-the-art CAMECA IMS 
6f magnetic sector SIMS. In a typical magnetic sector based instrument, the primary ion 
energy is coupled to the incidence angle and this limits the choice of incidence angle. In 
previous CAMECA models, (e.g., IMS 3f, 4f) the sample bias was set at fixed potential 
limiting the controllability of incidence angles. This limitation may lead to asymmetric 
crater shape and result in degradation of depth resolution.3 In comparison, the IMS 6f 
provides the ability to variably choose primary and secondary accelerating voltages and 
therefore allow more choice of possible impact energy/incidence angle combinations. In 
a typical magnetic sector based instrument, the primary ion voltage (Vp) is coupled to the 
incidence angle which limits the choice of incidence angles, since a sample bias (Vs) is 
also applied. The angle of incidence is calculated from the following equation: 2, 4 








)30'sin(sin θθ                        (3.3)
where θ′is the nominal angle of incidence (30° for IMS-6f), Vp is primary ion voltage 
and Vs is the sample bias, Vp – Vs is the impact energy of primary ion beam. A more 
detailed calculation of primary ion incident angle for the magnetic sector SIMS is found 
in Appendix 3. 
 
3.2.2 Main Components of the CAMECA IMS 6f 
Figure 3.2 shows the schematic of the IMS 6f magnetic sector SIMS instrument. 
It composes of three main components, namely the primary ion optics, mass 
spectrometer and secondary ion detector. The primary ion optics system generates, 
focuses and aligns the primary ion beam. The ‘immersion lens’ is a slit above the sample 
that provides a high electrostatic field to extract and transfer the emitted secondary ions 
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into the mass spectrometer. The mass filtered ions will then be detected in the secondary 
ion detection system. 
 
(a) Primary Ion Optics 
The primary ion optics consists of two ion sources, a magnetic prism serves as an 
ion extraction system and an ensemble of electrostatic optical systems which focuses and 
deflects the ion beam. The IMS 6f is fitted with two ion sources: a duoplasmatron with a 
cold cathode capable of producing positive or negative ions and a surface thermo 
ionization Cs microbeam source producing Cs+ ions. 
In the duoplasmatron system, the plasma is produced by an arc maintained 
between the hollow cathode and anode which is kept at several hundred volts relative to 
the cathode. The discharge is maintained close to the axis by a conical intermediate 
electrode at a floating potential. The duoplasmatron can furnish positive or negative ions 
according to the polarity of the extraction potential. To generate negative ions, the axis of 
discharge should be displaced relative to the positive ion extraction. The gas species 
generally used are argon and oxygen. When using oxygen as the gas species for the 
duoplasmatron, both positive (e.g., O2+, O+) and negative ions (e.g., O2−, O−) can be 
generated. 
For the microbeam cesium source, the cesium vapor is generated from a cesium 
chromate tablet (Cs2CrO4) contained in a reservoir that is raised to a temperature of 400 
°C. This temperature is required to release the cesium vapor which comes into contact 
with the surface of a tungsten plate at 1100 °C and ionizes into positive ions Cs+. When 
an electric field is applied between the surface of this plate of tungsten and the extraction 
electrode in front of the ionizer, the Cs+ ions are extracted and accelerated. A constant 
emission of cesium ions is obtained by regulating the heating of the ionizer filament with 




























Fig. 3.2 schematic diagram showing the main components of CAMECA IMS 6f (from ref 4 ). 
 
The primary beam mass filter or PBMF is a symmetrical magnetic prism offering 
he means of switching between the two ions sources. Under the influence of the PBMF, 
he ions are deflected into the subsequent optical system for focusing, raster scanning and 
ositioning purposes. The electrostatic optical system also includes an eight-plate 
tigmator to ensure equal resolution in the x and y planes, and a mass filter consisting of 
our interchangeable and adjustable diaphragms to control the mass resolving power of 
he primary magnetic sector by selecting different aperture sizes. The double deflector 
4 is used to adjust the primary beam position on the sample surface, to raster the 
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primary beam on the sample surface and to deflect the primary beam to the primary 
column Faraday cup. 
 
 (b) Mass Spectrometer 
The mass spectrometer comprises a laminated magnet that plays the part of a 
mass dispersing prism. The deviation produced by a magnetic prism depends upon the 
momentum of the ions. But due to the initial energy spread of the ions, ions of a given 
mass will experience an additional dispersion which is equivalent to a “chromatic 
effect”. This effect limits the mass resolution and is corrected by coupling the magnetic 
prism with an electrostatic sector through an electrostatic lens termed the “spectrometer 
lens” (refer to Figure 3.1). The set-up is arranged in such a way that the energy 
dispersions produced by both prisms cancel each other. A mechanically tuned slit named 
‘energy slit’ in front of the spectrometer lens controls the energy pass band of the 
secondary ion beam. The entrance and exit slits determine the collection solid angle for a 
given initial energy and the corresponding field of view. These slits also determine the 
mass resolving power of the spectrometer. 
 
(c) Secondary Ion Detection 
There are two ion detection systems in the IMS 6f; one for ion imaging and 
another for ion counting. The ion imaging mode consists of a microchannel plate 
assembly that is coupled to a fluorescent screen. The microchannel plate converts 
secondary ions into electrons, while the fluorescent screen converts electrons into 
photons. The fluorescent screen image is acquired by a CCD camera and displayed on 
the computer screen. For counting mode, the IMS 6f is equipped with a Faraday cup 
(FC) and an electron multiplier (EM). FC and EM are used to measure count rates in the 
range (5 ×105 to 5 ×109) and (10–1 to 106) counts per second, respectively. The overlap of 
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the intensity ranges allows both detectors to be combined to provide a wider ion counting 
range for a given analysis. The two detectors are mounted side by side on the secondary 
beam trajectory after the second electrostatic analyzer of the instrument (projection part). 
The deflector located in front of the detector assembly is used to apply a fast switch of 
the secondary beam from one detector to the other. 
 
3.2.3 Accessories of the CAMECA IMS 6f 
Two accessories were installed in the IMS 6f instrument to enhance its 
performance. They are the electron multiplier post acceleration system and a rotating 
sample stage. 
 
(a) Electron Multiplier Post Acceleration System 
The ions-per-electron conversion yield of the first dynode in the electron 
multiplier (EM) varies with the velocity of the impinging secondary ions. The higher the 
velocity of the impinging ions, the higher is the electron multiplier detection quantum 
efficiency (DQE). With the EM first dynode grounded in the original setting of the IMS 
6f, the velocity of the secondary particles is fixed by both their mass and the secondary 
accelerating voltage. When low extraction voltages are used (high resolution profiling 
with low primary ion energy), the EM yield decreases due to the lower impact energy of 
the secondary ions onto the first dynode, hence reducing the instrument sensitivity. 
Furthermore, at constant extraction voltage, the DQE varies as a function of the mass. 
This mass fractionation can be as large as several tens of percents between light and 
heavy species. This mass fractionation effect also exists between isotopes, and must not 
be neglected for accurate isotope ratio measurements. However, by post-accelerating the 
secondary ions just before the first dynode, these limitations of the EM detector 
performance can be strongly reduced. In this way, the secondary ion impact energy onto 
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the first dynode is adjustable at a value consistent with a high DQE whatever the choice 
of the secondary extraction voltage. Hence, at given extraction voltage, the post-
acceleration also reduces the mass fractionation. 
 
(b) Rotating Sample Stage 
A eucentric rotating sample stage is installed into the IMS 6f instrument to serve 
as an alternative technique to remove surface roughness that occurs during depth 
profiling. The RS-10 eucentric rotating stage has an adjustable rotating speed ranging 
from 1 – 60 revolutions per minute. Before each rotation analysis, the axis of rotation 
must be adjusted to coincide with the axis of the mass spectrometer and a "synchronized" 
mode can be selected to set the integration time for every species as a multiple of the 
time required to achieve a full rotation. 
 
3.3 Analysis conditions and practical issues in SIMS depth profiling 
SIMS depth profiling is a surface analysis technique that is capable of 
determining elemental concentration of dopant and impurity atoms within a material as a 
function of depth. SIMS analysis is a destructive analytical technique by nature. The 
violent ion bombardment significantly changes some properties of the target solid that in 
turn may affect the sputtering yield and the secondary ion emission and in the most 
extreme cases result in severe experimental artefacts that complicate the interpretation of 
the results. However, the extent of the changes depend on the instrumental parameters as 
well as the nature of the target materials. Knowledge of the effects of these parameters 
helps in finding the optimum experimental conditions for any particular analysis. 
 
3.3.1 Primary beam species 
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Various species of primary beam have been attempted for SIMS analysis, for 
instance O2+, Cs+, O−, Ar+, Xe+, Ga+. There has been rising interest in using compound 
(molecular) ions as primary beam, such as SF5+, CO2+, C7H7+, C10H8+, C6F6+ and C10F8+. 
5 The attainable secondary ion yield, depth resolution, topography as well as lateral 
resolution determine the choice of primary beam species. Reactive primary ions like O2+ 
and Cs+ enhance the ionisation probability for positive and negative ions respectively. 6, 7 
For the analysis of polymers, atomic ions8 such as Xe+ and Ar+ and molecular ions9 like 
SF5+, have been reported to provide good molecular fragment secondary ion intensities. 
 
3.3.2 Primary beam energy 
The depth resolution, secondary ion yield and sputtering yield are affected by the 
impact energy. The depth over which ion beam mixing occurs increases with impact 
energy, and the depth resolution is in turn degraded as the impact energy is increased. 
 Recoil mixing is a forward momentum component of sputtering and accounts for 
the pushing of some atoms deeper into the sample. Vandervorst et al. has determined a 
relationship between penetration depth to the primary energy for O, Ar and Cs:10
                     Ο2+ :     R=2.15 E cosθ                                               (3.4) 
                     Ar+ :      R=1.622 E0.84 cosθ                                       (3.5) 
                     Cs+ :      R=1.838 Ε0.68 cosθ                                       (3.6) 
where R is the penetration depth in nm, θ is the angle of incidence from normal, and E is 
the primary energy in keV. The secondary ion yield, which is the number of secondary 
ions produced per incident primary ion, has been shown to increase by more than a factor 
of two for Ar+ and Xe+ beams at normal incidence as the primary ion energy increases 
from 2 to 12 keV. A decrease by a factor of 5 was observed for Cs+ and no change was 
observed for O2+ in the same energy range. The sputtering yield, which is the number of 
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atoms sputtered per incident primary ion, increases with the primary impact energy for 
all primary species of interest over the energy range 0 to10 keV.5 
 
3.3.3 Primary angle of incidence 
The primary ion incidence angle in SIMS analysis is defined as the angle of the 
primary beam with respect to the surface normal. This angle of incidence has a direct 
influence on the sputtering yield, secondary ion yield and the depth resolution. While the 
sputtering yield is observed to increase with the angle of incidence up to a certain angle 
and then decreases,11, 12 the secondary ion yield decreases as the angle increases . It has 
been shown that O2+ bombardment of Si produces about 2 orders of magnitude more Si 
ions at 30 compared with 60 degree incidence. This is the result of increased retention of 
the primary species at 30 degree incidence because the primary species provides 
secondary ion yield enhancement. At normal incidence, where the degree of ionization is 
the highest, the surface is completely converted to SiO2. As the angle of incidence 
becomes more grazing, less oxidation occurs, and the secondary ion yield is not as high 
as at normal incidence.  
The depth resolution also varies with the angle of incidence. Since the collision 
cascade occurs closer to the surface at glazing angle, optimum depth resolution is 
expected at off normal incidence. Decay length is a measure of the depth resolution and 
is defined in section 3.3.5. R. von Criegern, et al.13 shows that the decay length in Si for 
O2+ and Xe+ bombardment is smallest at a nearly grazing angle of incidence.  For most 
materials, sputter induced roughness which degrades the depth resolution is found to be 
more pronounced at oblique incidence than at near normal incidence.14, 15 Therefore, the 
angle of incidence must be considered  for the high depth resolution profiling. 
 
3.3.4. Detected area and crater effect 
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 Another experimental parameter that could affect the depth resolution of the 
profiling is the flatness of the detected area. As the majority of the emitted secondary 
ions originate from the first few monolayers, sputtering from an uneven surface, for 
instance at the rounded edges of the crater bottom, would yield a detected ion intensity 
that is a combination from various depths. The effect is reflected in the deterioration of 
the depth resolution of the profile. Hence in any SIMS depth profiling, not all of the 
raster area can be used for the detection of secondary ions and the raster size has to be 
optimised. Profiling a sample with a small raster area also runs the risk of getting 
contributions from the crater wall and the crater edges, in particular at grazing incidence. 
 
3.3.5 Depth resolution 
Good depth resolution enables the resolution of abrupt interfaces and multilayer 
structures. It can be characterized by a decay length or interface width. The decay 
length16 can be defined as the depth over which a signal decreases by a factor of e or 
from the following equation. 





−−=                                                 (3.7)                                                    
where λ is the decay length, 
           I is the secondary ion intensity, and 
          X2 and X1 are the depths between which the decay length is determined. 
The decay length gives information about degradation of depth resolution given by 
overall effects of surface roughening and atomic mixing. Surface roughening would give 
rise to a Gaussian broadening, meaning that there would be an equal increase in leading 
edge decay length and trailing edge decay length. Atomic mixing gives rise to an 
exponential tail corresponding to an increase in trailing edge decay length. By comparing 
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λup and λdown from the leading and trailing edges respectively, we can thus provide a 
quantitative measure of SIMS depth resolution. 
The interface width is commonly defined as the depth interval over which the 
intensity drops from 84% to 16% of the maximum. It is smaller than the full width half 
maximum (FWHM) of the error curve. The quality of the crater shape also affects depth 
resolution, and rough sample surfaces or uneven detected areas will cause distortions to 
the depth profiles. Hence depth resolution depends on the roughness of the sample 
surface and the penetration depth of the primary beam which increases with primary 
beam energy, decreases with primary beam mass and incidence angle. 
 
3.4 Quantification of SIMS data 
A meaningful in-depth analysis of SIMS depth profiling involves the conversion 
of secondary ion signal intensity as a function of sputtering time to elemental 
concentration as a function of depth. This quantification process often requires the use of 
a calibration standard, e.g. ion-implanted sample of known dose, for concentration and 
depth calibration. 
 
3.4.1 Depth Calibration 
Calibration of depth scale is often done by measuring the depth of the final 
sputter crater using a surface profilometer or an optical interference microscope or 
measuring the time to sputter away a layer of similar composition with known thickness. 
It is then assumed that the sample is sputtered at a uniform rate. This method, however, 
does not account for any possible variation in sputter rate caused by the dependence of 
the sputtering yield on surface composition. For multilayer structures, the sputter rate 
will be different for different materials and hence it is important to establish the 
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sputtering rate for each layer of interest separately in order to avoid significant errors in 
layer width determination. 
 
3.4.2 Concentration Calibration 
SIMS analysis is subject to chemical enhancement of secondary ion yields and 
the matrix effect is a general term used to describe differences in sensitivity for a given 
element in samples of different composition. These changes can result from changes in 
ionization efficiency and sputtering yield, and the use of relative sensitivity factors (RSF) 
can compensate for these matrix effects in SIMS quantification. This is because RSF 
accounts for differences in sputtering rate and is a relative measure of ionization 
probability of a given element in a given matrix. An RSF is a conversion factor from 
secondary ion intensity to atom density and is defined by Equation (3.8): 




i =ρ                                                      (3.8) 
where ρi is the impurity atom density in atoms/cm3, 
           Ii is the impurity isotope secondary ion intensity in counts/s, 
           Im is the matrix isotope secondary ion intensity in counts/s, 
           RSF has unit of atoms/cm3, and can be determined from ion implanted standards 
with accurately known fluences or from a bulk sample doped accurately with known 
trace element concentration. This depth profiling is performed under the same analysis 
condition as the samples of interest. An RSF is determined from an ion implanted 
calibration sample with constant background ion intensity by the expression: 17, 18







               (3.9) 
where φ is the ion implant fluence in atoms/cm3, 
          C is the number of measurements or data cycles, 
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          EM/FC is the ratio of electron multiplier to faraday cup counting efficiency, 
          d is the crater depth in cm, 
          ∑ Ii is the sum of the impurity isotope secondary ion counts over the depth profile, 
          Ib is the background ion intensity of Ii in counts/data cycle, 
          t is the analysis time in s/cycle for the species of interest. 
Equation (3.9) provides a means to remove the effect of small changes in ion intensity 
caused by analysis at different sample positions by normalization to the matrix. The 
degradation of the electron multiplier efficiencies is accounted for in the EM/FC ratio. 
Over the years the RSF values for a variety of elements implanted into matrices of 
interest have been collected by Wilson, Stevie and Magee and are tabulated in a very 
useful handbook.14 Use of these sensitivity factors in an analysis requires that the relative 
useful ion yields, matrix elements, primary ion energy, impact angle and current density 
be identical to those conditions stated in Wilson et al. 
 
3.5 Crater depth measurement using surface profiler 
 
From SIMS experiments, the raw data is a plot of counts per second against 
sputtering time with a crater left behind in the sputtered area. Crater depth measurement 
is needed so that the time scale can be converted to depth scale with the assumption that 
sputtering rate is constant throughout the sputtering. 
The Alpha-Step 500 Profiler is a computerized, high sensitivity surface profiler 
that measures roughness, waviness and step height in a variety of applications. The 
scanner assembly moves the stylus across sample surfaces to collect profile data. When 
the vertical range is ±6.5 μm, the corresponding vertical resolution is 0.1 nm. If the 
vertical range is ±150 μm, a 2.5 nm vertical resolution can be obtained. In this project, 

















Fig. 3.3 schematic of Alpha – Step 500 Profiler (from ref 19). 
 
 
be obtained in addition to the depth of crater. Figure 3.4 shows a typical crater profile 
obtained after a measurement using the Alpha-Step 500. From the figure, we can obtain 
not only information about the depth and width of the crater but also its shape. This 
crater cross-section showing a flat surface and steep wall indicates that the beam was 
homogenously aligned and the SIMS analysis was good. If otherwise, the SIMS analysis 














                                     Fig. 3.4 a typical crater obtained using Alpha-Step 500. 
 
With the knowledge of crater depth, the plot of counts per second against sputtering time 
can thus be converted to counts per second against depth so that further data analysis 
such as decay length analysis as discussed in section 3.3.5 can be done. 
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3.6 Surface topography measurement using Atomic Force Microscope (AFM) 
In this project, a Digital Instruments 3000 Nanoscope III Atomic Force 
Microscope was used to measure the crater bottom surface topography at high rsolution.  
The tapping mode AFM was used in this thesis. The cantilever tip consisting of a short, 
stiff silicon cantilever with an integrated single crystal silicon tip is scanned over the 
sample. The typical scan size is 2×2 or 4×4 µm2 and typical scan rate is 1 Hz. The 
standard procedures for AFM measurement can be found in ref.20 In order to understand 
the dependence of atomic mixing or surface roughening on impact energy or incidence 
angle, the Atomic Force Microscope (AFM) in Tapping Mode was used to measure 
surface roughening.  In Tapping Mode AFM, the cantilever is excited into near 
resonance oscillation with a piezoelectric driver. The oscillation amplitude is used as a 
feedback signal to measure topographic variations of the sample. Meanwhile, the tip 
lightly “taps” on the sample surface during scanning. 
AFM measurements were made at four different positions at the centre of each 
crater and their corresponding average Root Mean Square (RMS) roughness values 
obtained. The RMS roughness is defined by the following equation: 









n n          (3.10)   
Where Zn is the height measurement of pixel n (from a total of N pixels) and 
−
Z  is the 
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CHAPTER FOUR:  
Results and discussion I- ∆z2mix for SIMS Depth profiling on a Single Quantum 
Well Structure   
∆z2total = ∆z2intr + ∆z2mix + ∆z2roughn + ∆z2inhom + ∆z2diff + ···(3) 
4.1 Introduction 
  This chapter addresses the atomic mixing effects during depth profiling using 1-
10 keV primary ion energy at oblique incidence angles. First, SIMS depth profiles 
obtained by monitoring the intensity of Si and Ge ions, were studied as a function of 
incident angles (44o, 50o, 56o and 62o) with a 1 keV impact energy O2+ beam. The 
influence of incidence angle on atomic mixing and surface roughness is discussed in 
terms of the variation in the secondary ion intensity, decay length of the Ge depth profile 
and the surface roughness of the crater after sputtering.  To investigate the dependence of 
depth resolution with O2+ primary beam ion energy, i.e. the second item of equation (3), 
we select the optimized incident angle of 1 to 3 keV, to perform a series of depth 
profiling experiments on a Si/SiGe single quantum well structure since ion beam-induced 
atomic mixing may be studied at the optimized incident angle without problems 
associated with surface roughening. Useful information about decay length for ion 
mixing can be obtained from SIMS depth profiles as a function of impact energy. 
Backside SIMS depth profiling minimizes the mixing effect and gives a smaller trailing 
(as defined in the forward direction) decay length at higher beam energies [ref: Yeo et al]. 
We show that by applying a simple mathematical reflection about the surface plane can 
minimize the mixing effect as in backside SIMS. 
4.2 Experiments 








Figure 4.1. Single Quantum Well (SQW) structure grown by GSMBE. 
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It consists of a 60nm thick Si layer grown on top of a 40nm thick SiGe layer. 
These layers were grown on a Si(100) substrate by GSMBE. Figure 4.2 shows the 
idealized profile that would be obtained for the Si and Ge ions. The idealized depth 
profile shown in figure 4.2 with sharp, well-resolved abrupt interfaces is never obtained 
because of the effects of surface roughening and atomic mixing. These effects which 
were discussed in chapter 2 tend to broaden the profile and lead to poorly resolved 
interfaces. The degree of broadness and smearing at the Si/SiGe or SiGe/Si interfaces can 
be inferred by analyzing the Ge depth profile in terms of the leading and trailing edge 
decay lengths. This analysis coupled with surface roughness data obtained from AFM 
imaging of the crater surface morphology allows the depth resolution obtained at various 
operating conditions to be compared, hence providing a means to optimize the SIMS 
depth resolution for profiling Si/SiGe layers. 
 















Figure 4.2 idealized profile for Si and Ge ions. 
 
 
4.3 Results and discussion 
 
4.3.1 Single QW structure at various incidence angles 
 
The sputtered region labelled (I), in which only Si+ ions are collected, 
corresponds to the Si layer, while in region (II), where both Si and Ge ions are monitored, 
corresponds to the SiGe layer, and region (III) is the Si bulk substrate, where only the Si+ 
ions are detected. Figure 4.3 shows four Si+ and Ge+ depth profiles obtained respectively 
by sputtering the sample at four incidence angles, θ, while keeping the impact energy 
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fixed at 1keV. It can be observed that the intensity of Si+ ions remains nearly uniform or 
Ge+ ions are expected rectangular SiGe layer throughout regions (I), (II) and (III) when 
the sample is sputtered at incidence angles of 56o and 62o. However, when sputtering at 
incident angles of 44o and 50o, the Ge+ signal is observed to vary with depth; i.e. the 
overall signal intensity is increased. Both Si+ and Ge+ ion signals in region (II), for 
example, increase. The Si+ signal also does not return to its original value at it moves 

















Figure 4.3. SIMS depth profile fo
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Incidence 
Angle 
   









44 2.0 1.0 8.4 30.9 37 ± 1 
50 2.5 1.5 9.2 36.1 28 ± 2 
56 3.0 2.0 7.5 21.3  7 ± 0.1 
62 3.5 2.5 8.3 30.0  4 ± 0.1 
 
Table 4.1 The λ u and λ d AFM measured rms roughness of single QW structure 
for O2+ primary beam at 1keV with various incidence angles. 
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Fig. 4.5 a plot of λd, λu and RMS with different beam angles. 
 interesting to compare the values of λd (or λu) with the RMS roughness. In 
r, we note that λd for beam angles of 44o, 50o and 62o are clearly similar 
 the RMS roughness decreases significantly from 37Å to 4 Å when the beam 
creases from 44o to 62o. One would expect that a higher RMS roughness should 
a broader profile and therefore a higher λd (or λu). Hence we expect λd to 
 as angle of incidence increases. This is clearly observed when the angle of 
e changes from 44o to 56o. However, in going from 56o to 62o, λd unexpectedly 
s instead and it has the same value as that obtained at 44o. Surface roughening 
e cannot explain the loss of depth resolution at the SiGe/Si interface when the 
 incidence is increased from 56o to 62o. It is also unlikely to be attributed to the 
 in the degree of atomic mixing since higher incidence angles would lead to a 
atomic mixing effect as the momentum transfer to sample atoms will be smaller. 
nt the increase in λd remains unresolved but it is clear from the above study that 
um angle for 1keV ion beam is 56o. 
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It is again interesting to note that the decay lengths of the trailing edge are affected 
more than the leading edge. The present study also shows that with 1keV beam, surface 
roughness appears not to be significant up to a depth of 500A since the leading edge 
decay lengths are almost similar. The sudden variation in secondary ion intensity 
observed between 500-1000A and beyond is a good indication of the onset of surface 
roughening. We will examine this effect more closely with 10 Ge delta doped in Si in 
chapter five as surface roughening  will also eventually degrade the depth resolution at 
the Si/SiGe interface. SIMS depth profiling at various incidence angles shows that: 
(1) Surface roughening effects decrease with increasing angle of incidence between 44° 
and 62°. 
(2) At beam angle of 56o, best depth resolution is obtained. 
 
4.3.2 Single QW Structure at various impact energies 
 
Figure 4.6 shows three Si+ and Ge+ depth profiles obtained respectively by 
sputtering the sample with oxygen ions at three different impact energies (E) while 
keeping the incidence angle fixed at an angle of 56o since it is the optimized angle for 1 
keV in last section.  
 
Figure 4.6 SIMS depth profile for
primary beam at 56o incidenc
 
  a single QW structure using an O2+ 
µm 
e for various impact energies. 
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It can be observed that the intensity of the Si+ or Ge+ ions remain nearly uniform 
throughout region (I), (II) and (III) when the sample is sputtered with impact energies of 
1.0keV and 2.0keV. In going from region (I) to (II), the Si+ ion count decreases while the 
Ge+ ions count increases but to some value which remains uniform throughout the 
sputtering. The Si+ and Ge+ signals return to their original values beyond the SiGe layer 
into region (III). However for sputtering at 0.5keV, the Si+ and Ge+ signals are observed 
to vary with increasing depth. Both Si+ and Ge+ signals in region (II), for example, 
increase in intensity. In addition, the Si+ signal also does not return to its original value 
beyond the SiGe layer into region (III). The significant rise in secondary ion intensities is 
indicative of surface roughening at the sputtering front. In next chapter, we will focus on 
the surface roughening effects during depth profiling using 0.5 keV primary ion energy 
at oblique incidence. 
 
Table 4.2 shows the decay lengths of the leading and trailing edges obtained from 
analysis of the Ge+ depth profile. The trailing edge decay length obtained at 0.5keV is 
the largest (31 Å) in comparison to the values obtained for 2.0keV (28 Å) or 1.0keV (21 
Å). The decay length for the leading edge is also the largest at 0.5keV but the difference 
is small in comparison to the values obtained for 2.0keV or 1.0keV. 
  












0.5 1.5 1.0 10.8 30.6 29.0 ± 1.0 
1.0 3.0 2.0 7.5 21.3 7.0 ± 0.1 
2.0 6.0 4.0 9.4 28.2 5.0 ± 0.1 
 
                      Table 4.2 The λ u and λ d AFM measured rms roughness of single QW  




A larger decay length obtained for the trailing edge at the SiGe/Si interface is 
expected when the impact energy used for sputtering increases since atomic mixing at 
the sputtering front will be greater. This is clearly observed when the impact energy used 
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changes from 1.0keV to 2.0keV but not for 0.5keV. At 0.5keV, the decay length is in 
fact the largest, contrary to the expected trend from the viewpoint of atomic mixing. 
Hence, the increase in the decay length must be attributed to some other dominant 
mechanism present such as surface roughening of the sample crater. As such the surface 
morphology of the crater after sputtering at various energies were imaged using the AFM. 
The surface morphology obtained is shown in figure 4.7. 
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Figure 4.7 4 x 4 µm2  AFM images of (a)
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 Fig.4.8 SIMS depth profile for SQW structure using a O2+ primary beam at 56o incidence of 
(a) 10 keV and 5 keV (b) 2.5 keV, 2.0 keV, 1.5 keV and 1.0 keV respectively. 





































igure 4.8 shows SIMS depth profiles for the SQW structure using a O2+ primary beam 
f (a) 5 keV, 10 keV; and (b) 1.0 keV-2.5 keV. Table 4.3 gives λu and λd for the SQW 








λu    
 (nm) 




1.0 3.0 2.0 0.75 2.1 1.08 
1.5 4.5 3.0 0.9 2.2 1.61 
2.0 6.0 4.0 0.94 2.3 2.15 
2.5 7.5 5.0 1.0 2.5 2.69 
5.0 10.0 5.0 3.5 12.2 7.6 
10.0 15.0 5.0 7.9 22.1 17.0 
Table 4.3 The λu and λd of single QW structure for O2+ primary 
beam with different impact energies at 56° incidence. 
Here, we focus on the atomic mixing effect at six different oxygen primary ion 
nergies as shown in Table 4.3. The decay lengths are found to increase with increasing 
eam energy E, i.e. the broadening is seen to increase with increasing beam energy E. 
ithin experimental accuracy the results can be described by a power-law:              
∆z = kEEs  or λ= kEEs                                                              (4.1) 
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where ∆z designates either the interface width or the decay length.1 The proportionality 
constant kE depends on the sample composition as well as on the ion’s mass and impact 
angle.  The linear fitting of equation 4.1, i.e. (ln λ = ln k+ s lnE) is shown in Fig. 4.9.  
The best fit parameters k and s are: 
         k = 2.34 ± 0.05    (4.2)                                 S = 0.35± 0.05   (4.3) 
 














Fig. 4.9 shows the linear fitting of equation 4.1 for decay lengths and energies in table 4.3. 
 
This is very close to P.C. Zalm’s results,2 whose scarce experimental data for normal-
incidence beams suggest that very roughly: λ is of the order of 1~ 4E0.5; but other power 
dependences on E in the range of 0.4~0.7 have been reported as well.3, 4
In agreement with previous work, the present study has shown that the decay 
length λ, which constitutes an appropriate measure of the depth resolution achievable in 
sputter profiling, is strongly affected by experimental parameters, such as beam energy 
and incident angle. The only aspect of this work which might have been predictable, at 
least in qualitative terms, is the dependence of λ on the impact energy. In fact, all former 
studies on the effect of impact energy on decay length or interface broadening agree in 
that the resolution degrades with increasing beam energy E.5 Hence, for high resolution 
SIMS depth profiling of a Si/SiGe single QW structure, one should use a heavy mass, 
which gives shallow penetration,  and as low energy as possible. 
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4.3.3 Backside SIMS Depth profiling to minimize the mixing effect and Symmetric 
reflection transformation for SQW structure 
When the influence of roughness is sufficiently small, the depth resolution 
function in SIMS (where we can most often neglect the information depth parameter) is 
governed by the mixing length. This means that the profile is usually rather asymmetric 
due to the mixing factor which has a characteristic steep forward edge and an 
exponentially decaying trailing edge.6 Therefore, a steep rise in a depth distribution gives 
a more accurate measured profile than a steep decrease. When sputter depth profiling is 
performed from the direction of the backside of the sample, we should obtain better 
resolution of the trailing edges a depth distribution. However, care has to be taken to 
suppress roughening during sample thinning from the backside. We have succeeded in 
keeping the roughness low (<0.4 nm) during backside SIMS profiling using a silicon-on-
insulator substrate7. The procedure involves producing a back thinned substrate surface 
using SOI wafers, which is flat and smooth for SIMS analysis. A combination of 
mechanical grinding and anisotropic wet chemical etching was employed for the thinning 
process.7 In the first study, we perform conventional front and backside SIMS depth 
profiling on a 1 keV B-implanted sample with ~100 nm amorphous silicon capping layer. 
Figure 4.10 show a comparison between the conventional frontside depth profile and a 
backside depth profile using impact energy of 7.5 keV O2+ at 40º incidence. The crater 







































 7.5 keV O2+ front and back (mirrored) SIMS depth profile of 11B+ implanted at 1 keV,  
cm2. Profiles are normalized with point-to-point (PTP) or constant Si counts (Const Ref). 
epth scale is an estimate of the sample surface.  
frontside and backside depth profiles, sputter equilibrium is reached before the 
rofile is measured, thereby eliminating surface transient effects that distort the 
The 11B+ intensity is normalized point-to-point (PTP) to the 30Si+ ion intensity or 
tant 30Si+ion intensity and is converted to a concentration scale by multiplying 
alized intensity by a relative sensitivity factor (RSF) predetermined using a 
calibrated Si sample uniformly doped with B (1.2⋅1019 atoms/cm3). Due to 
g from a low to high concentration region, the backside SIMS clearly 
ates an improvement in depth resolution when compared to frontside SIMS.  
igure 4.11 shows that backside profiling using 2-5 keV impact energies at 44o 
 gives similar decay lengths of 4.4-5.0 nm. In using higher ion energies for 
 profiling, we overcome the problem of the early onset of crater bottom 
ng (which is suppressed by sample rotation or oxygen flooding, ref chapter 6), 
tion of detection limit and lower sputtering rate observed in sub-keV profiling. S. 
 et al. have recently done a calculation using the MRI model to fit to our 
nt results.8, 9 Their results give mixing parameters λ of 3.0 nm and 4.9 nm for 
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ion impact energies of 2 and 5 keV respectively, a roughness value σof 0.3 nm and an 
information depth w of 0.3 nm (equal to about 1 ML which is adequate for SIMS). The 
MRI calculation result is shown in Figure 4.11 and agrees well with our experimental 
result. Because backside depth profiling sputters from low to high dopant concentrations, 
profile broadening due to ion beam mixing is minimized. The decay lengths achieved by 
backside depth profiling clearly demonstrate the improvement in depth resolution. 
Figure 4.12 shows a comparison between a conventional frontside depth profile 
using impact energy of 1.0 keV O2+ at 56º incidence for a Si/SiGe single quantum well 
structure (black line, as same as figure 4.8 b) and a mirrored backside depth profile (red 
line). The crater bottom rms roughness is < 0.3 nm in all cases, i.e.1-2.5 keV energies 
range.  The leading edges for frontside and backside SIMS profiling are much better than 










Figure 4.11 Decay length as a function of the primary ion energy for frontside and backside  




Using both leading edges of frontside and backside SIMS profiling, we obtain better 
decay lengths than in one direction depth profiling. From the figure 4.12, the most 
important observation is the two leading edges of frontside and backside SIMS profiling 
are symmetric, for ideal growth condition. Using this symmetry, we develop a simple 
mathematical symmetric reflection transform to obtain a more accurate depth profile. 
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by using 1 keV O2+
The green line is the
the symmetry of the
4.3, we note that λu 
In the last column 
calculated by the T
relationship of λu, λ




 parison between a conventional frontside depth profile using impact energy of 1.0 
e for Si/SiGe single quantum well structure (black line, as same as figure 4.8 b) and 
th profile (red line). 
m structure, the two interfaces of Si/SiGe(I/II, see fig. 4.2) and 
ig.4.2) are ideally symmetric if the growth process produces near-
rom figure 4.12, the two leading edges of frontside and backside 
g are indeed symmetric. The evidence for the symmetry of the single 
cture is also obtained from high resolution cross-section TEM 
13 shows the SIMS depth profile on a single quantum well structure 
 beam at 56° incidence and the symmetric reflection transformation. 
 reflection mirror plane. This mathematical transform11,12 depends on 
 single quantum well structure or delta doped structure. From table 
depends relatively weakly on the impact energy as compared with λd.  
of table 4.3 is the oxygen primary ion beam penetration depth Rp, 
RIM code i.e. equation (3.3) in chapter 3. Figure 4.14 shows the 
d and Rp with impact energy.  λu, λd and Rp increase with increasing 
d shows the strongest dependence, consistent with the TRIM results. 


































Figure 4.13 shows the SIMS depth profile on a single quantum well structure by using 1 keV O2+ beam at 
56° incidence(red line, as same as fig. 4.8 b) and the mathematical symmetry rotation transform (blue line). 
 
In principle, the mixing effect should be minimized by using “zero” keV impact energy 
beam. In an early low energy profiling study, Clegg13,14 used energy sequencing (fig. 
4.15) to establish accurate shallow implant parameters for As in Si. Profiles were fitted 
with Pearson IV functions whose moments were extrapolated to zero beam energy to 
reconstruct the “0” keV curve.  The reflection transform is similar to decreasing the 
primary beam energy to “zero”, in which the decay length is smallest, i.e. the mixing 
effect is smallest. The advantage of this transform procedure is that we need not do 
backside SIMS profiling with its complex sample preparation to attain better depth 
resolution. 










































Fig. 4.15 shllow As implant 
into Si analysed by 1 and 2 
keV O2+ at 45° by Clegg14. 




























       Figure 4.14 shows the relation of λu, λd and Rp  
       with impact energy, the data is from table 4.3. 
71
Chapter 4  
Figure 4.16 shows the SIMS depth profile on a single quantum well structure using 1 to 
2.5 keV O2+ beam at 56° incidence and the reflection transform. The blue and red lines 
are their axis of symmetric rotation. The decay length with symmetric reflection 
transform is smaller than 1 nm and improves on the original decay length by about 2-3 
nm in the 1 to 2.5 keV energy range. The background of the downward decay length 
under reflection transform is lower than the real depth profile since for the latter case we 

















Figure 4.16 shows the SIMS depth profile on a single quantum well structure using 1 to 2.5 keV O2+ beam 
at 56° incidence (as same as fig. 4.8 b) and the reflection transform. 















































It is clear from this study that sputtering with impact energy of 1.0 keV gives the 
best depth resolution since λu and λd are the smallest, in energy range of 0.5-10 keV. 
AFM images suggest that least surface roughening occurs with 2.0 keV and roughening 
is worst with 0.5keV ion beam. At the range of beam energy from 1 keV to 10 keV, the 
RMS roughness obtained for the crater sputtered depth at about 220 nm is smaller than 
10 Å. We could ignore the effect of surface roughening in the studied range. About the 
atomic mixing effect, the decay lengths were found to increase with increasing beam 
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energy E. It indicates a power law relationship with oxygen beam energy.  The factors 
affecting depth resolution are atomic mixing, surface roughening and chemically-driven 
segregation, which be discussed in next chapter, etc. Among these, we focus on atomic 
mixing in this chapter. It often plays a dominant role in the studied beam energy range. 
By the power law formulation, we could give a reasonable estimate of the energy 
dependent depth resolution. It should be minimized in order to obtain high depth 
resolution. This can be achieved using a low primary beam energy and grazing incidence. 
More accurate and reliable backside SIMS depth profiles can be obtained using SOI 
wafer back etching techniques. The abrupt interface between the SOI layer and the BOX 
layer results in a smooth Si surface after removing the BOX layer, which makes it 
possible for high resolution SIMS profiling. It is clearly seen that the “backside” decay 
length stays practically constant with ion energy, whereas the “frontside” decay length 
considerably increases with energy. This indicates that the primary impact ion energy for 
backside SIMS depth profiling does not degrade the depth resolution on the trailing edge 
of the dopant profile as much as the frontside SIMS does, i.e. Backside SIMS depth 
profiling could minimize the mixing effect on the trailing edge. Using this result, we 
propose a reflection transform as a simple way to improve the decay length, i.e. 
minimize the atomic mixing effect for a SQW structure sample. In the energy range 1 to 
2.5 keV, all the trailing edge decay lengths after reflection transform are smaller than 1 
nm. The reflection transform is therefore a simple method of giving accurate depth 
profiles assuming the growth conditions are near-perfect. In the next two chapters we 
will focus the surface roughening effect during 500 eV oxygen beam depth profiling and 
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CHAPTER FIVE:  
Results and discussion II- ∆z2roughn for 500eV O2+ beam bombardments 
∆z2total = ∆z2intr + ∆z2mix + ∆z2roughn + ∆z2inhom + ∆z2diff + ···(3) 
5.1 Introduction 
 
 This chapter addresses the surface roughening effects during depth profiling 
using sub-keV primary ion energy at oblique incidence angles. It is shown that depth 
resolution of the profiles can be significantly improved using 0.5 keV primary ions 
particularly for dopant distributions shallower than 50 nm. However, the use of sub-keV 
energies is complicated by the onset of surface roughening which is strongly dependent 
on the surface chemistry, primary ion energy as well as incidence angle. The dependence 
of surface roughening mechanism on different incidence angles, namely 46° to 69° is 
studied and the results are successfully explained in the framework of the heterogeneity 
layer model discussed in Chapter 2. The primary ion angles of incidence studied are 46, 
56, 65 and 69 degrees. The individual Ge+ peaks are fitted with a MRI modeling 
algorithm using MATLAB. The mixing-roughness (MR) model is used to account for 
surface roughening and atomic mixing effects during depth profiling by sputtering.  
Lower beam energy quadrupole SIMS is often used, since it is independent of beam 
energy with incident angle, and an intense low-energy (down to some 200eV) primary 
beam could be obtained by the floating ion gun.1 For magnetic-sector SIMS, using sub-
keV primary beams is a greater challenge due to the sample biasing arrangement. In this 
work, a CAMECA IMS 6f SIMS instrument is used to study the various factors that may 
affect the depth resolution of ultra shallow depth profiling of SiGe delta-doped Si 
samples. Several analyses using 500 eV O2+ have been performed with incident angles of 
46, 56, 65 and 69 degrees. It is demonstrated that the roughening of the sputtered crater 





5.2.1 Sample preparation 
 
The Ge delta-doped (Ge-δ) Si sample is a 150 nm Si epilayer comprising ten 
Si0.7Ge0.3 delta layers of 0.4 nm thickness (nominally), grown by atmospheric pressure 
chemical vapor deposition (APCVD) at 700°C. The nominal spacing between the deltas 
was 11nm. This sample—referred to as ‘‘Si(Ge10 δ)’’—has an intrinsic and 

























Fig. 5.1 left: TEM cross-section of the Si sample with 10 Si0.7Ge0.3 deltas. 
            right: TEM image of the sample with a Au coating. The dashed line   
            indicates  the interface between the native oxide and Au. TEM for the depth calibration was done on a Philips CM200 FEG TEM 
g at 200 kV. A cross section of a piece of the Si(Ge10 δ) sample was prepared 
onventional grinding and polishing and subsequent ion milling. To reduce 
s induced by the ion beam, the ion milling time was limited to less than 15 min. 
ce of the sample was coated with Au to enhance contrast across the native 
oxide. In order to detect any distortion in the TEM picture due to possible 
 of the thinned sample or non-uniform magnification across the imaged area, we 
easured the lattice spacing at more than 10 locations. No appreciable differences 
und. The crystal lattice spacing was used to calibrate the scale. 
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5.2.2 Analytical techniques 
 
All depth profiles were obtained using a 500 eV O2+ primary beam at incident 
angles of 46°, 56°, 65°, 69°.  For a magnetic sector instrument, the incidence angle is 
dependant on the beam energy. By altering the primary beam energy and sample bias, we 
define the incident angle for each primary beam energy. The detailed formula for 
calculating the incident angle is found in appendix 3. The 500 eV impact energy at 
incident angles of 46°, 56°, 65°, 69° were obtained using the following combinations of 
primary ion energy and sample bias, namely Ep=1.1 keV, Es=0.6 keV; Ep=1.5 keV, 
Es=1.0 keV; Ep=1.8 keV, Es=1.3 keV and Ep=2.0 keV, Es=1.5 keV respectively.  
However, a lower sample bias (Es) adversely affects the detector efficiency. This is 
compensated by a secondary ion post-acceleration stage immediately in front of the 
detector, which was optimized to achieve an electron multiplier (EM) conversion 
efficiency of 80% for 500 eV impact energy.2 For 500 eV analysis, the O2+ beam was 
scanned over a larger raster area of 320 × 320 µm2, to minimize crater edge effects since 
the beam size is larger at lower energies. Tapping mode AFM measurements of the crater 
bottoms were performed on a Digital Instruments D3000 system with a scan size of 2×2 
µm2.  
 
5.3 Results and Discussion 
 
5.3.1 For Ge delta doped in Si 
From the previous chapter, it was found that at impact energy of 1 keV O2+ beam at 
56° incidence angle gives the best SIMS depth resolution for the 44° to 62° incident 
angle range.  For 500 eV O2+ beam, the minimum incident angle achievable is 46°. 
Figure 5.2 shows the depth profiles of the 30Si+ matrix signals and 70Ge+ signals obtained 
from the Si (Ge δ) sample analyzed with a 500 eV O2+ beam at 56° incidence. The SIMS 
depth resolution is stable for the first 40 nm. However, the resolution degrades rapidly 
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beyond a depth of about 40 nm, and the Ge deltas are progressively broadened 
asymmetrically. The rise in 30Si+ signal beyond 40 nm is attributed to the onset of surface 
roughening. After a sputter depth of 80 nm, the 30Si+ secondary ion intensity begins to 
stabilize at 8.0 ×106 c/s. Figure 5.3 shows ripple formation during 500 eV O2+ beam at 
56° incidence depth profiling, with crater bottom images taken at sputter depths (a)27 
nm, (b)60 nm, (c)106 nm, and (d)160 nm in figure 5.2. Figure 5.4 shows the crater 
bottom roughness continues to increase to a RMS value of 3.0 nm at the depth of 160 
nm. The third term contributing to depth resolution degradation in equation (3), surface 
roughening effect, shows significant dependence on the depth sputtered. Investigations 
by Werner et al.3 have indicated that, to first order, depth resolution degrades linearly 
with depth, that is,           
∆z ≈ α+βz                (5.1) 
The value of β depend on the experimental conditions and can be quite instrument-
dependent.4 The two parameters, a basically intrinsic one (α) and a combined matrix 





























Fig. 5.2 SIMS depth profiles of 30Si+ and 70Ge+ secondary ions from the Si  

































Fig.5.3 AFM 2 ×2 µm2 crater bottom images taken at various sputter depths (a) 27 nm, (b)60 nm, (c)106 
nm, and (d)160 nm in figure 5.2. The data scales were set at maximum values of 5 nm for (a) and 20 nm 
for  (b), (c), (d) respectively. 
 
for every ‘set of instrument and sample’. Depth resolution will be adversely affected 
by non-uniform crater flatness within the analyzed region of the crater; changes in the 
partial sputter yield, erosion rate and ionization probabilities of sputtered particles are 









incidence are often o






















-square (RMS) roughness values  taken at various sputter depths in Fig. 5.3. 
es of low energy sputtering in the sub-keV regime at oblique 
ffset by the early onset of crater bottom roughening. In particular 
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with oxygen ions, it has been known for a long time that oblique incidence ion 
bombardment on metal and semiconductor surfaces causes the formation of ripples on 
the crater bottom.5, 6, 7, 8 From the above results, 500eV O2+ beam at incidence angle of 
56° does not give the best SIMS depth resolution, unlike 1 keV O2+ beam at incidence 
angle of 56° which gives the best  SIMS depth resolution in the 44° to 62° incident angle 
range. The SIMS depth profiles of Ge delta-doped(Ge-δ) Si sample at 500 eV incident 
energy and 46°, 56°, 65°, 69° incident angles are shown in Figure 5.5. The conversion of 
sputter time to depth for these profiles was performed assuming constant sputtering rates. 
They were determined directly using the depth difference (11nm×9) between the 1st and 























































IMS depth profiles of 30Si+ (a) and 70Ge+ (b) secondary ions from the Si (Ge δ) 
le analyzed with a 500 eV O2+ beam at 46°, 56°, 65°,  69° incidence angles 
tively. The onset of surface roughening is different at 46°, 56°, 65° and 69°. 
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Figure 5.5(a) shows the depths profiles tracked by the 30Si+ matrix signal obtained 
with a 500 eV O2+ beam at 46°, 56°, 65° and 69° incidence angles. Significant increases 
in the secondary ion intensities for 56° at 60 nm depth; 65° at 90 nm and 69° at 110nm 
depth are observed that indicate the onset of surface roughening. At 46° incidence, the 
roughening transition occurs at ~15nm, which is too shallow to observe a distinct change 
in matrix signal since surface transient effects are dominant here. Figure 5.5(b) shows 
that the Ge deltas are progressively broadened asymmetrically. The delta broadening 
with depth is most severe at 46° incidence, intermediate at 56°and 65° incidence, and 
smallest at 69° incidence. Our results show that the most oblique incidence (69°) gives 
the best resolution and largest transition roughening depth, i.e. the latest onset of 
roughening in the angular range studied.  
According to Elst et al.8, the formation of ripples, and hence the onset of surface 
roughening, on Si during O2+ bombardment is due to the inhomogeneties in 
incorporation of oxygen into Si surfaces. The importance of the heterogeneous internal 
layer for ripple seed formation can be seen from figure 2.7 where the relative amounts of 
the different Si sub oxides of the internal layer are displayed as a function of angle of 
incidence. The early stages of roughening at oblique angles was attributed to the 
presence of heterogeneous internal oxide layer while negligible roughening at incident 
angles θ <30o or θ > 60o 5 was associated with the lack of oxidation or full oxidation 
respectively. In addition, Elst et al. 9 using 8.0 keV O2+  and Ng et al. 10 using 1.0 keV 
O2+ separately found that roughening on Si surface could be suppressed or accelerated by 
saturated or intermediate oxygen flooding respectively. Their results show the 
suppression of roughening by saturated oxygen flooding when there is complete 
oxidation of surface Si and the acceleration of roughening by intermediate flooding with 
the formation of mixed oxide species, i.e. Si2O, SiO,Si2O3, and SiO2.  
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These reports suggest that surface roughening on Si is insignificant when O2+ 
bombardment is done at a condition at which Si is fully oxidized or hardly oxidized. In 
two extreme cases where θ = 0o and 90o, O2+ bombardment should result in the formation 
of stoichiometric SiO2 and minimal oxidation of Si surface respectively, thereby 
resulting in insignificant roughening. It is also tempting to assume that 45o is the incident 
angle at which we have the highest probability of getting a partially oxidized Si surface 
resulting in an earlier formation of ripples on Si. Therefore, the rate of roughening 
increases with decreasing incident angle from 69o to 46o due to an increase in mixed 
oxide formed, which has been confirm by in situ small-area XPS, showed by S.K Tan of 
our group using 4 keV O2+ ion beam bombardment at different incident angles (0º, 15º, 
30º, 45º, 55º, 70º).11 If this assumption is true, then we should be able to sum up the 
results and come up with a line as shown in figure 5.6.   
 
 







































Figure 5.6 Schematic diagram of the assuming for transition roughening depth as a function of incident 
angle θ at a given impact energy-black line and experiments data for transition roughening depth as a 
function of incident angle θ 46º to 69º at 500 eV impact energy - symbol and dotted line. 
 
 
In incident angle range 46 o to 69 o, the experiments of data for the transition 
roughening depth with 500 eV O2+ beam, i.e. symbol and dotted line, is shown in figure 
5.6 also. It agrees with the proposed model-black line- summarized in figure 5.6, at least 




5.3.2 MRI modelling of depth profiling of Ge delta doped in Si 
 
The MRI model is used to account for surface roughening and atomic mixing effects 
during depth profiling by sputtering. 12  This model is based on three fundamental 
parameters: (1) atomic mixing, (2) surface roughness and (3) information depth. In SIMS 
depth profiling, the information depth parameter is generally taken as 0.3 to 0.4nm and is 
seldom significant in the application of the MRI model.12, 13 Hence, a modified version of 
the MR model, excluding the incorporation of information depth parameter, is used to 
account for the influence of atomic mixing and surface roughening effects. 
As the angle of incidence varies, the secondary ion yield, sputtering yield and depth 
resolution are affected. Figs.5.7 -5.10 show the depth profiles of the sample measured 
using a 500 eV O2+ primary ion beam at different incidence angles as well as the 
simulated profiles using the MR model. 
Figures 5.7-5.10 show that as the depth of the sample increases, the peaks become 
broader and less well resolved. The depth at which the depth resolution starts to degrade 





























Figure 5.7. Experimental (blue) and MRI curve-fitted (red) 








Figure 5.8 Experimental (blue) and MRI curve-fitted (red) 
































Figure 5.9 Experimental (blue) and MRI-curve fitted (red) 






































1 0.35 2.85 0.05 
2 0.40 3.20 0.05 
3 0.60 2.70 0.05 
4 0.60 3.05 0.05 
5 1.20 2.30 0.10 
6 1.10 3.00 0.10 
7 1.30 3.00 0.10 
8 1.50 3.50 0.10 
9 1.50 6.50 0.10 
10 2.40 2.00 0.15 
Table 5.1 shows the corresponding MRI curve-
fitted roughness and mixing parameters as a 










1 0.05 1.80 0.15 
2 0.07 2.00 0.15 
3 0.10 2.00 0.15 
4 0.50 2.10 0.20 
5 0.70 2.60 0.20 
6 1.70 3.00 0.25 
7 3.10 1.80 0.15 
8 3.50 2.00 0.15 
9 4.00 2.20 0.20 
10 3.30 2.20 0.20 
















Figure 5.10 Experimental (blue) and MRI-curve fitted (red) 
depth profile using 500 eV O2+ beam at incidence of 69º. 
 
Intensity (c/s) 
Table 5.2 shows the corresponding MRI curve-
fitted roughness and mixing parameters as a 












1 0.09 2.00 0.03 
2 0.06 2.20 0.03 
3 0.10 2.25 0.05 
4 0.30 2.20 0.03 
5 0.45 2.55 0.03 
6 1.20 2.15 0.50 
7 1.50 2.90 0.50 
8 2.10 3.20 0.50 
9 3.00 2.00 0.60 
10 5.50 3.00 0.70 
Table 5.3 shows the corresponding MRI curve-
fitted roughness and mixing parameters as a 










1 0.04 1.60 0.06 
2 0.20 2.30 0.08 
3 0.50 1.90 0.06 
4 0.35 2.20 0.07 
5 0.60 1.90 0.06 
6 0.80 2.00 0.07 
7 1.00 1.90 0.06 
8 1.65 2.10 0.07 
9 2.00 2.10 0.07 
10 3.40 2.10 0.07 
Table 5.4 shows the corresponding MRI curve-
fitted roughness and mixing parameters as a 




Tables 5.1, 5.2, 5.3 and 5.4 show the corresponding MRI curve-fitted roughness and 
mixing parameters as a function of depth after the best fit is obtained.  Figure 5.11 (a) 
shows the MRI model-fitted roughness parameter σ as a function of depth at various 
incidence angles from Table 5.1-5.4. All roughness parameter σ at four incidence angles 
increases with depth, such as shown in figure 5.4. The depths at which the roughening 
transitions take place, i.e. where parameter σ starts to increase, are nearly the same as the 
depths of onset roughening shown in figure 5.5(a) as judged by the increase in 30Si+ 
signal.  Hence, using the MRI model-fitted roughness parameters, we can infer the 






























Figure 5.11 MRI fitted (a) roug
    sputtering depth using  500 eV 
 
 
Figure 5.11 (b) shows the MRI mod
incidence of 46º, 56º, 65º and 69º as
Tables 5.1-5.4. According to the tabl
constant. All are smaller than 4 nm. Th
ions in the solid at constant energy is c
MRI model-fitted roughness and the R
made under the 500 eV O2+ beam at 
roughness is similar with AFM measu
about twice higher in the deeper la





















hness and (b) mixing length as a function of  
O2+ beam at incidence of 46º, 56º, 65º and 69º. 
el-fitted mixing length of 500 eV O2+ beam at 
 a function of sputtering depth using data from 
es above, the mixing parameter remains almost 
is is expected because the projected range (Rp) of 
onstant. Figure 5.12 shows the comparison of the 
MS roughness measured by AFM in the craters 
incidence of 56º.  It is seen that the MRI fitted 
red roughness until 50 nm of depth, while it is 
yers. The overall crater morphology becomes 
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progressively rougher with increasing depth. Once roughening begins, the change in 
local angle of incidence leads to local variations in sputter yield and therefore to 
increased roughness.7 The change of sputter yield alters the local surface concentration 
of oxygen implanted by the primary ion beam. If the surface is not already fully 
oxidized, the secondary ion yields of matrix and dopant species can change through 
modification of the oxygen chemical enhancement effect. P. Konarski, et al.14  also 
explained the surface topography development was due to the basis of the difference of 
atomic relocations in the neighbouring layers. For more detailed models of ripple 
formation, please see the section 2.4 in Chapter 2. 
 
These results are also consistent with our previous study on Si/SiGe 
heterostructures from 70 nm to 450 nm depth. 15  The MRI curve-fitted roughness 
parameter is found to be systematically larger than the AFM roughness values, and this is 
explained by additional roughness contributions from mixing straggling and interface 
roughness during the surface morphology evaluation under O2+ sputtering. Hofmann16 
has explained that the σMRI roughness parameter is not only directly related to surface 
roughness but has two other contributions, as described by the following equation: 
           σMRI = (σs2 + σw2 + σi2)1/2                                         (5.2) 
Where σMRI is the roughness value obtained from MRI modelling, σs is the surface 
roughness that can be determined by AFM, σw is the mixing length straggling and σi is 
the original interface roughness between Si and SiGe. In agreement with equation 5.2, 
the σs always found to be lower than the MRI value of σ.17 Another reason could be 
attributed in part to AFM instrumental effects, since the finite size and sharp effect of the 
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 of the MRI model-fitted roughness (black) and the RMS roughness measured 
raters  (made under the 500 eV O2+ beam sputtering at incidence of 56º) as a     
depth, showing a similar trend (increasing with depth). 
f chapter four show that a 1 keV O2+ beam at 56°incidence angle 
 depth resolution in the 44° to 62° incident angle range.  However, 
eam, the incidence angle of 56° did not give the best SIMS depth 
of crater bottom roughening during sputtering. The crater bottom 
 to increase with depth and reaches a RMS value of 3.0 nm at the 
 the angle range of 46° to 69°, the 30Si+ matrix signals significantly 
ondary ion intensities indicating roughening transitions at different 
nt angle, the roughening transition depth occurs at ~15nm.  For 56°, 
ghening transition depths are 60 nm, 90nm and 110 nm respectively.  
progressively broadened asymmetrically for the studied incident 
adening with depth is most severe at 46° incidence, intermediate at 
e, and smallest at 69° incidence. The rate of roughening increases 
dent angle from 69o to 46o due to an increase in probability of mixed 
esulting in an earlier formation of ripple seed. The MRI model is 
ace roughening and atomic mixing effects during depth profiling by 
hness parameter σ increase with depth, while the mixing parameter 
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remains almost constant since the projected range (Rp) of ions in the solid at constant 
energy is constant. It has been demonstrated from comparative study between AFM 
roughness and MRI fitted roughness that the surface roughness behavoir during ion 
sputtering can be accounted for by the MRI model. We attribute the difference between 
the MRI fitted roughness and AFM roughness to contributions from mixing `length 
straggling and AFM tip geometry. In addition, surface roughening can be suppressed 
using oxygen flooding and sample rotation, and results are presented for 500 eV O2+ 
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CHAPTER SIX: RESULTS AND DISCUSSION III- ∆z2roughn for 
500 EV SECONDARY ION MASS SPECTROMETRY DEPTH 
PROFILING: COMPARISON OF SAMPLE ROTATION AND OXYGEN 
FLOODING 




 This chapter addresses the need for ultra-shallow depth profiling using sub-keV 
primary ion energy at oblique incidence angles. The use of low energy ion bombardment 
in SIMS depth profiling has become increasingly important in the semiconductor 
industry for the characterization of ultra shallow junctions. It is shown that depth 
resolution of the profiles can be significantly improved using 0.5 keV primary ions 
particularly for dopant distributions shallower than 50 nm. Sputtering with sub-keV 
primary ions results in shallower penetration of ions thus minimizing the relocation of 
the original distribution and chemical mixing effect. However, the advantages of low 
energy sputtering in many cases are offset by the development of crater bottom 
roughness and the problem is more severe at oblique incidence in the sub-keV range. 
1,2,3,4 Surface roughening can be suppressed using oxygen flooding by continuously 
oxidizing the sputtered surface during the profiling. 5  Another seemingly promising 
solution to counter the problems associated with surface roughness is the use of sample 
rotation during sputtering. This has been shown to be effective both in Auger and SIMS 
profiling.6,7 The methods and reference materials are also important in surface chemical 
analysis of doping profile. ISO/TC 201(Surface Chemical Analysis)/SC6 (SIMS) 
addresses the development of international standardization of depth profiling of dopants 
in silicon using SIMS. 
Low beam energy quadrupole SIMS is often used since the beam energy is 
independent of incident angle, and intense low-energy (down to some 200eV) primary 
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beams can be obtained by the floating ion gun.8 Also sample rotation can easily be 
realized in quatrupole SIMS. For magnetic-sector SIMS, obtaining sub-keV beam 
energies is more challenging. Previous studies on the sample rotation technique have 
been confined mainly to the higher energy regime (1-20 keV), and in this chapter we 
report its effectiveness in the sub-keV energy regime. The CAMECA IMS 6f SIMS 
instrument is used to study the various factors that may affect the depth resolution of 
ultra shallow depth profiling of BN delta-doped Si samples. Several analyses using 0.5, 
1.0 keV O2+ have been performed with and without oxygen flooding and sample rotation. 
It is demonstrated that the roughening of the sputtered crater bottom is one factor that 
degrades the depth resolution in low energy depth profiling (0.5 keV), and both oxygen 





6.2.1 Sample preparation 
 
The multilayer BN delta-doped Si samples (A, B, C) were fabricated using the 
magnetron sputtering method, and the epilayers were deposited on 4-inch diameter Si 
wafers in an argon atmosphere. The thickness variation within a 30-mm radius from the 
center of the multilayer was found to be within ± 1%. The BN delta layer thickness 
corresponded to 0.002 nm (0.007 monolayer coverage). The nominal thickness of the Si 
layers are 18, 6, 3 nm for samples A, B, C respectively. Their structure is 
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 Si layer thickness no. of BN layers Total thickness of 
epilayers 
A 18 nm 5 108 nm 
B 6 nm 15 96 nm 
C 3 nm 30 93 nm 
 
Table 6.1 gives the detailed structure of samples A, B, C. 
 
 
The Ge delta-doped (Ge-δ) Si sample D comprises a 150 nm Si layer with ten 
Si0.7Ge0.3 delta layers of 0.4 nm thickness (nominally), grown by atmospheric pressure 
chemical vapor deposition (APCVD) at 700°C. The nominal spacing between the deltas 
was 11nm. This sample—referred to as ‘‘Si(Ge10 δ)’’—has an intrinsic and 




6.2.2 Analytical techniques 
 
 
The all depth profiles were obtained using O2+ beams at 0.5 and 1.0 keV at a fixed 
incidence angle of 56°.  For a magnetic sector instrument, the incidence angle is 
dependant on the beam energy. By altering the primary beam energy and sample bias, we 
define the incident angle for each primary beam energy. The incident angle is given by 
sinθ’=sinθ° /(1-Es/Ep) (cf. Appendix 3).9 For the Cameca IMS-6f, θ° is fixed at 30°. 
Considering the deflector of lens 4, etc., the above formula should be modified, and 
details are in Appendix 3. The impact energies of 1 keV and 0.5 keV were obtained 
using the following combination of primary ion energy and sample bias, namely Ep=3 
keV, Es=2 keV and Ep=1.5 keV, Es=1.0 keV respectively.  However, a lower sample 
bias (Es) adversely affects the detector efficiency. This is compensated by a secondary 
ion post-acceleration stage immediately in front of the detector, which was optimized to 
achieve an electron multiplier (EM) conversion efficiency of 80% for 1 keV and 0.5 keV 
impact energies.10 For 1 keV analysis, the O2+ beam was scanned over a raster area of 
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250 × 250 µm2. For 0.5 keV analysis, the O2+ beam was scanned over a larger raster area 
of 320 × 320 µm2 to decrease the crater edge effect since the beam size is larger at 0.5 
keV. Oxygen inlet was done with an O2 jet through a movable capillary tube directed 
towards the sample and the oxygen partial pressure was measured with an ion gauge 
located about 10 cm from the sample holder in the analysis chamber. The pressure during 
oxygen flooding was set at about 1.0×10-6 torr. A Cameca RS 10 sample stage with 
eucentric rotation capability allows sample rotation during SIMS analysis.10 The rate of 
sample rotation was fixed at 20 revolution/min. Tapping mode AFM measurements of 
the crater bottoms were performed on a Digital Instruments D3000 system with a scan 
size of 4×4 µm2. The depth calibration was done by measuring the crater depth using a 









6.3.1 BN delta layer in Si 
The SIMS depth profiles of sample B at 0.5 and 1.0 keV incident energy and 56° 
incidence are shown in Figure 6.1. The conversion of sputter time to depth for these 
profiles was performed assuming constant sputtering rates. They were determined 
directly using the Zygo surface profilometer. As will be shown below, the sputtering rate 
varies during depth profiling due to surface roughening. It is observed from the 11B+ 
profile in Figure 6.1(b) that the SIMS depth resolution is better at 0.5 keV for the first 40 
nm. However, the resolution degrades rapidly beyond a depth of about 40 nm. Figure 
6.1(a) shows a significant rise in the 30Si+ intensity for the 0.5 keV profile at about 40-50 
nm depth (indicated by the arrow) indicating the onset of surface roughening.4  
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Fig. 6.1 shows 0.5, 1 keV O2+ beam with incidence 56° depth profiling (a) 30Si+, (b) 11B+ for  sample B. 
 
 
The topography of the two sputtered craters formed (cf. Fig. 6.1) was examined 
using AFM and the images are presented in Figure 6.2 (a) and (b). These images were 
taken at a depth of about 150 nm, beyond the BN delta layers. The z-scales for two 
images are at different maximum values of 5 nm and 20 nm for 1.0 keV and 0.5 keV 
sputtering respectively. There are some periodic ripple features on the crater bottom at 
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1.0 keV sputtering but they are less pronounced than that at 0.5 keV. The root-mean-
square (rms) roughness for 1.0 keV and 0.5 keV sputtering are 0.58 nm and 2.92 nm 
respectively.  Sputtering using 0.5 keV impact energy at 56° incidence results in the 
rougher surface, consistent with previous findings.2, 3, 4, 11 The distortion of the profile 
measured at 0.5 keV is therefore attributed to the onset of surface roughening. This 
sputtering induced roughness has a major impact on the use of very low energies in 



























 ×4 µm2 AFM images of the crater surface after 
 (a) 1.0 keV; (b) 0.5 keV without both. The RM
nm. The data scales were set at maximum values o
Figure 6.3 shows depth profiles of sampl
ng conditions: (1) no flooding or rotatio
g. The erosion rates were calculated as d
tas are progressively broadened asymmet
g nor sample rotation, was used. The dec
y drops by a factor of e), FWHM and dSIMS profiling in UHV to depths of about 150 
S roughnesses of these images are (a) 0.58 nm; 
f 5 nm  for (a) and 20 nm for  (b) respectively. 
e A using 500 eV O2+ at 56° under the 
n, (2) sample rotation, and (3) oxygen 
escribed previously. It can be seen that 
rically when condition (1), i.e., neither 
ay lengths λd (distance over which the 
ynamic range (Īmax/Īmin , Ī means the 
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average for the first 5 peaks) extracted from these experiments are summarized in Table 
6.2. Fig. 6.4 presents a compilation of these extracted parameters under three different 
experimental conditions for sample A. From fig.6.4, with sample rotation and oxygen 
flooding, the FWHM are comparable, i.e. the depth resolution similar under both 
conditions. The profile obtained with sample rotation [condition (2)] is nearly 
symmetrical and the peaks exhibit nearly similar widths, but the dynamic range slightly 
lower than in (3). When oxygen flooding was used [condition (3)], the resultant deltas 
are nearly similar to those under the sample rotation [condition (2)], but the dynamic 
range is significantly larger. We attained λd of 0.7 nm with oxygen flooding and a 
slightly larger λd of 0.8 nm with sample rotation. For condition 1 (without both), the 
largest λd was significantly larger at 1.0 nm. This means that oxygen flooding gives us 




























 Fig. 6.3 shows depth profiling (sample A) 11B+ obtained  using 0.5 keV O2+ beam 
bombardment with  sample rotating, oxygen flooding and without both respectively. 
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Fig. 6.4 FWHM of delta profiles extracted from SIMS  analyses with 0.5 keV 






















.5 4 ×4 µm2 AFM images of the crater surface after
150 nm using (a) 0.5 keV with sample rotation; (
roughnesses of these images are (a) 0.21 nm and
maximum values of 5 nm. 
FWHM  (nm) eV O2+ 













 O2 flooding 3.8 3.8 3.8 3.8 3.8 
out both 3.8 4.3 6.2 7.2 8.1 
 
Table 6.2 depth resolution parameters ca
  SIMS profiling in UHV to depths of about 
b) 0.5 keV with oxygen flooding. The RMS 
 (d) 0.16 nm.  The data scales were set at 
P6 
Decay length λd 
(nm)∼at 110nm  
Dynamic range 







5.7 0.7 3.17e4 
9.5 1.0 4.53e2 
lculated from fig. 6.3 for sample A. 
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Figure 6.5 shows the AFM topographic images of the crater bottoms after 
sputtering under the various sputtering conditions. These images were taken after the 
sputtering was terminated at about a depth of 150 nm. The roughest crater bottom for 
condition 1, which is same as Figure 6.2 (b) (sample B), was produced after sputtering 
without rotation and flooding, where irregular bumps and hollows are clearly observed 
and the measured rms roughness is 2.9 nm. These are typical features observed during 
the onset of surface roughness.2, 4 In contrast, the surfaces are relatively featureless under 
conditions (2) (sample rotation) and (3) (oxygen flooding as shown in figures 6.5 (a) and 
(b) respectively. The measured rms roughness values were fairly close, i.e., 0.21 nm for 
the case of sample rotation and 0.16 nm for oxygen flooding. Note that the rms 
roughness values obtained are underestimated due to the finite AFM tip size. The AFM 
measurements show that sample rotation and oxygen flooding are indeed effective in 
removing surface roughness in the sub-keV regime.  
 
From Table 6.3, the standard deviation of the 5 Si interlayer thicknesses using 1 
keV, 0.5 keV with sample rotation and oxygen flooding (lower surface roughness 
conditions) are smaller than that using 0.5 keV without both sample rotation and oxygen 
flooding. This means the sputtering rate is not constant when there is a roughness 
transition in the profile. This is not surprising since heterogeneity on the sample surface 
changes the sputter rate due to the differences in sputter rates for Si and Si oxide.5 For 
BN delta-doping using 0.5 keV O2+ bombardment at 56º, both oxygen flooding and 
sample rotation are shown to suppress surface roughening, i.e. the sputtering rate are 

























18 18 18 18 18 18 0 18 
1 keV  
without both 
16.1 15.9 16.4 15.9 16.7 16.2 0.35 21.5 
500eV without 
both 
13.8 14.1 14.6 16.5 17 15.2 1.45 19 
500eV with 
rotating  
15.1 15.4 15.2 15.4 15.7 15.4 0.23 19.4 
500eV With O2
flooding 
15 15 15.8 15.4 15.7 15.4 0.38 19.1 
 
 Table 6.3. shows the Si  interlayers thicknesses for sample A obtained  











Figure 6.6 shows the corresponding SIMS profiles for sample C (smallest Si 
interlayer thickness of 3 nm) using primary ion impact energies of 0.5 and 1.0 keV and at 
incidence angle of 56°. In order to remove surface roughening due to 0.5 keV 
bombardment, sample rotation during analysis was used. This sample illustrates the 
comparison of primary ion beam energy (0.5 and 1 keV) vs depth resolution. For 1 keV 
O2+ bombardment, only the first 5 BN deltas can be distinguished. The last two deltas 
merge into a broad peak. For 0.5 keV with sample rotation, the BN multilayer can be 
distinguished to a depth of 120 nm, and the last two peaks are clearly resolved. This 
result confirms that the resolution of SIMS profiling improves with decreasing primary 



























































Fig.6.6 shows depth profiling sample C 11B+ obtained by  
using 1 keV and 500 eV O2+ beam with incidence 56°.  delta doped in Si 
ows depth profiles of sample D obtained using 0.5 keV O2+ at 56° under the 
 sample rotation and oxygen flooding. The erosion rates were calculated as 
viously. The decay length λd is calculated from the 10th peak (about 120 nm 
there is no interference with another delta layer at the trailing edge. We 
 2.1 nm with sample rotation and a slightly larger λd of 2.6 nm with oxygen 
is is different from the B delta layer for sample A, where the decay length 
 flooding is better than with sample rotation. The surface oxidation 
s been reported during oblique oxygen beam bombardment with oxygen 
ormal incidence O2+ bombardment.12, 13 Previous work14, 15 has shown that 
profiling using the above conditions leads to Ge segregation.  Such a 
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segregation-like effect could be the cause of the poor decay length of the Ge+ SIMS 















































 with o2 flooding
 
Fig. 6.7 shows depth profiling (sample B) 70Ge+ obtained using 0.5 keV O2+ beam  
bombardment with sample  rotating and oxygen flooding  respectively.  
 
Figure 6.8 shows the depth profile of sample D obtained using 0.5 keV O2+ at 56° 
sample rotation at different rotation rates of 10, 20 and 30 revolution/min 
ctively. It appears that there is no difference with sample rotation at these three 
ent rates.  
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Fig. 6.8 shows depth profiling (sample D) 70Ge+ obtained using 0.5 keV O2+
 beam  bombardment  with sample rotation at difference rate. clusion 
chieve high depth resolution of the order of nanometers in SIMS, the primary ion 
needs to be reduced to the sub-keV regime. However, the analysis becomes 
ated as the effect of surface roughening becomes more important in this sub-keV 
and the suppression of surface roughness becomes critical. The technique of 
flooding is widely employed in SIMS profiling when the analysis conditions are 
or expected to suffer from surface roughening or low ion intensity. Some adverse 
however, sometimes offset the advantages of oxygen flooding in SIMS analysis. 
nclude the significantly longer analysis time, when the analysis becomes more 
ble to fluctuation in experimental conditions. For Ge, the segregation effect will 
e loss of depth resolution. Sample rotation offers an alternative solution to 
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remove problems associated with surface roughening without increasing the analysis 
time. Using a multiple BN and Ge delta-doped samples, the effectiveness of both oxygen 
flooding and sample rotation in suppressing surface roughness while sustaining high 
depth resolution are compared. Examination of the topography by AFM suggests that 
both techniques are equally effective in removing surface roughness even in the sub-keV 
regime. The faster sputtering rate (greater than 3 × ) of oblique incidence with sample 
rotation over that with oxygen flooding must be taken into consideration. Under 
optimized conditions, BN delta multi-layers Si thin films are proposed as reference 
materials for SIMS quantification and depth scale calibration.  In the next chapter we 
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CHAPTER SEVEN: 
Results and discussion III- ∆z2inhom  for 300 eV  O2+  beam bombardment 
 
∆z2total = ∆z2intr + ∆z2mix + ∆z2roughn + ∆z2inhom + ∆z2diff + ···(3) 
 
7.1 Introduction and experiments 
This chapter addresses the fourth term contributing to depth resolution degradation in 
equation (3), the inhomogeneous erosion crater effect.  We have discussed the atomic 
mixing effect in chapter 4 and the surface roughening effect during depth profiling using 
500 eV primary ion energy at oblique incidence angles in chapters 5 and 6. Surface 
roughening can be suppressed using oxygen flooding and sample rotation for 500eV 
primary ion beam. Here, we use an ultra-low 300 eV O2+ primary ion beam, since 1.3 
keV primary ion energy is near the limit of source energy and 1.0 keV sample bias. The 
Al+ signal from Al/Cu-grid reference sample is very weak for alignment instrument at 
300 eV. This is the lowest impact energy used for magnetic-sector SIMS, which no other 
laboratory have used before.  
The sample was the multilayer BN delta-doped in Si (sample A) used in chapter 6. 
There are five BN delta-doped layers, and their nominal spacing is 18 nm (see Table 
6.1). The depth profiles were obtained using O2+ beam at 300 eV. For a magnetic sector 
instrument, the incidence angle is dependent on the beam energy, and the detailed 
relation is tabulated in Appendix 3. The impact energy of 300eV was obtained using 1.3 
keV primary ion energy and 1.0 keV sample bias. From Appendix 3, this combination 
gives a 75° incidence angle. For 300 eV ion impact energy at 75° incidence, it is difficult 
to get a flat bottom crater due to the very oblique incidence and poorly focused beam 
without FLGT ion gun. For 300eV analysis, the O2+ beam was scanned over a larger 
raster area of 320×320 µm2 than 250×250 µm2 for 500eV O2+ beam because of the larger 
beam size. In some analysis, the scanned area was increased to 450×450 µm2, which 
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could provide a flat crater bottom. All analyzed area is 60 µm in diameter. A Cameca RS 
10 sample stage with eucentric rotation capability allows sample rotation during SIMS 
analysis. The rate of sample rotation was fixed at 20 revolution/min. Tapping mode AFM 
measurements of the crater bottoms were performed on a Digital Instruments D3000 
system with a scan size of 2×2 µm2. 
 
7.2 Results and Discussion 
 
7.2.1 SIMS depth profiling without sample rotation 
The SIMS depth profile of sample A at 300eV impact ion energy and 75° 
incident angle is shown in Figure 7.1. It is observed from the 11B+ (black) profile in fig 
7.1 that the SIMS depth resolution degrades rapidly beyond a depth of about 36 nm. It 
shows a significant rise in the 30Si+ intensity at about 40 nm depth indicating the onset of 
surface roughening. The B deltas are progressively broadened asymmetrically. It is 
similar to the depth profile using 500eV O2+ at 56° for condition 1-no flooding or 












   
re 7.1 shows depth profiling using 300 eV O2+ at 75° without sample rotation. 
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The topography of the sputtered crater formed (cf. fig 7.1) was examined using 
AFM and the image is presented in figure 7.2. The image was taken at a depth of about 
150 nm, beyond the BN delta layers. The Z-scale for the image is at a maximum value of 
20 nm. There are some periodic ripple features on the crater bottom at 300 eV sputtering. 
The root-mean-square (rms) roughness is 2.55 nm. This means that 300eV sputtering 
results in a rough surface, similar to sputtering using 500eV impact energy at 56° 
incidence as shown in fig. 6.2 (b).  The distortion of the profile measured at 300 eV is 
therefore attributed to the onset of surface roughening. This sputtering induced 
roughness has a major impact on the use of ultra low 300eV energy at oblique incidence 
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formed (cf. fig 7.3) was examined using AFM and the image is presented in figure 7.4. 






























 Figure 7.3 shows depth profiling using 300 eV O2+at 75°  
with sample rotation, Raster area is 320×320 µm2. 
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beyond the BN delta layers. The Z-scale for the image is at maximum value of 5 nm. 
There are no periodic ripple features on the crater bottom at 300 eV sputtering with 
sample rotation. The root-mean-square (rms) roughness is 0.32 nm. This means that 
300eV sputtering with sample rotation results in a smoother surface than without sample 
rotation (cf. fig. 7.2). The crater bottom is similar to sputtering using 500eV impact 
energy at 56° incidence with sample rotation as shown in fig. 6.5 (a). Therefore, the 
distortion of the profile measured at 300 eV with sample rotation cannot be attributed to 
the onset of surface roughening. There is another factor that can degrade the depth 
resolution, namely the crater wall effect. 
The axis of the ion gun is not normal to the sample plane, because of space 
limitations or the desire to minimize interfacial mixing by using minimum ion beam 
energy and shallow beam angles. The ion gun is situated as close to the sample as 
possible, so as to produce the smallest diameter ion beam which creates substantial 
distortion and beam defocusing when the beam is deflected to the raster limits (i.e. the 
beam is significantly farther from the ion gun at the far side of the raster than at the side 
nearer to the gun.) This geometry produces a sputter crater that has the appearance of a 










Figure 7.5 Profilometer measurement of a crater in x-direction 
(6.5 keV O2+ primary beam, raster of 500 µm). 
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This effect is much more serious at ultra low 300 eV impact ion energy, which is 
the low energy limit for magnetic sector SIMS without a floating ion gun, and at 75° 
incidence. This leads to focus variations over the raster area and consequently to erosion 
in-homogeneities, as shown in fig. 7.6 and fig 7.7, which show two crater profiles with 
sloping crater bottoms formed after 300eV O2+ beam bombardment at 75° incidence 
without and with sample rotation (cf. fig7.1 and fig7.3). In spite of sample rotation in fig 
7.3 which suppresses surface roughening , the sloping bottom still exists since the crater 
wall effect. In the figure 7.6 and 7.7, only the x-axis is given. In the y-axis, a flat crater 
bottom was measured at different places in the crater. From these profiles, a linear 
unevenness of 20% over 320 µm is derived. This slope height was much greater that the 
RMS roughness values, a few nm. This is why the erosion in-homogeneities, i.e. the 












Figure 7.6 shows a crater profile obtained using Alpha-Step 500 profilermeter, formed 
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Figure 7.8 As-measured signal intensity vs elapsed erosion time for a boron implantation in silicon 
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problem of re-deposition from the crater walls onto the crater bottom, owing to the 
angular ejection pattern of sputtered species. Figure 7.9 shows the SIMS depth profile of 
sample A at 300eV impact ion energy and 75° incident angle with sample rotation, where 
the scanned area was increased to 450×450 µm2. It is observed from the 11B+ (black) 
profile that the SIMS depth resolution is nearly constant with sputtering depth. The B 
deltas are not broadened progressively. This is significantly different from depth profiles 
obtained using 300eV O2+ at 75° without and with sample rotation shown in figure 7.1 
and 7.3.  The topography of the sputtered crater formed (cf. fig 7.9) was examined using 
AFM and the image is presented in figure 7.10. The image was taken at a depth of about 










Fig.7.10 2×2 µm2 AFM image of the crater surface after SIMS profiling in UHV to depth of about 150 nm 
using 300 eV with sample rotation and  450×450 µm2 scanned area . The RMS roughness of the image is 
0.22 nm. The z-scale was set at maximum value of 5 nm. 
 
 
There is no periodic ripple features on the crater bottom at 300 eV sputtering with 
sample rotation with the scanned area increased to 450×450 µm2. The root-mean-square 
(rms) roughness is 0.22 nm. This means that 300eV sputtering with sample rotation and 
with 450×450 µm2 scanned area results in a smooth surface, unlike that without sample 
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rotation shown in fig. 7.2. The surface is similar to sputtering using 300eV impact energy 
at 75° incidence with sample rotation, but with a smaller 320×320 µm2 raster area as 
shown in fig. 7.4. In addition, figure 7.11 shows the crater profile formed after 300eV 
O2+ beam bombardment at 75° incidence with 450×450 µm2 scanned area and with 
sample rotation (cf. fig7.9). The crater bottom is not sloping as shown in fig. 7.5 and 7.6.  
It is similar to the bottom in fig. 3.3, which formed after 1 keV O2+ beam bombardment. 
After increasing the raster size from 320 µm to 450 µm, the crater wall effect was 
minimized.  With sample rotation for fig 7.10, the surface roughening is suppressed since 
the RMS roughness is 0.22 nm, smaller than 1 nm. This is why the SIMS depth 
resolution is nearly constant with sputtering depth. But, the larger raster size means the 










Figure 7.11 shows a crater profile obtained using Alpha-Step 500 profilermeter, 
which formed after 300eV O2+ beam bombardment at 75° incidence with  
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7.3 Conclusion 
 














 with rotation and raster 450 um 












Fig 7.12 FWHM of B delta profiles extracted from SIMS analyses with 300 eV O2+  
beam for sample A under three experimental conditions (cf. fig 7.1, 7.2 and 7.3). 
 
Fig 7.12 presents a compilation of full width half maximum (FWHM) of B deltas 
for sample A, extracted from fig.7.1, 7.3 and 7.9, under three different experimental 
conditions.  For the first condition, at 300eV impact ion energy and 75° incident angle 
without sample rotation, the B deltas are progressively broadened asymmetrically, as 
shown by the green line in fig 7.12. The surface roughening, which exists on the crater 
bottom, is a major impact on the use of ultra low 300eV energy. The FWHM of B deltas 
increase with sputtering depth, i.e. the depth resolution of SIMS profiling decreases with 
sputtering depth. For the second condition, at 300eV impact ion energy and 75° incident 
angle with 320×320 µm2 raster area and with sample rotation, the B deltas are also 
broadened progressively, as shown by the red line in fig 7.12. There is no rough surface 
on the crater bottom, therefore the FWHM of B deltas increase with sputtering depth is 
not attributed to the onset of surface roughening. There is another effect, i.e. crater wall 
effect, which made the sloping bottom. This is why the erosion in-homogeneities, i.e. the 
crater wall effect, degrade the depth resolution of SIMS depth profiling. For the third 
condition, at 300eV impact ion energy and 75° incident angle with 450×450 µm2  raster 
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area and with sample rotation, the B deltas are not broadened progressively, as shown by 
the black line in fig 7.12. It is total different with condition 1 and 2. With sample 
rotation, there is no rougher surface on crater bottom. For the more, after increasing the 
raster size from 320 µm to 450 µm, the crater bottom is not slopy as shown in fig. 7.5 
and 7.6, therefore, the crater wall effect was minimized.  This is why the FWHM of B 
deltas is nearly constant with sputtering depth. But, the larger raster size means the lower 
sputtering rate, i.e. the longer analysis time. This is a disadvantage for SIMS depth 
profiling thick layers with high depth resolution.  
In order to improve SIMS depth resolution, we have several means for attention.  
Primary ion beams should be at low energies and at fairly oblique angles of incidence. 
The beam should be well focused on the sample surface and rastered over an area 
significantly larger than its cross-sectional area. Secondary ions should be extracted from 
only a small region centred within the crater. Sputtering rates should be slow relative to 
data acquisition rates in order to allow sufficient sampling. Sample rotation during 
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  CHAPTER EIGHT:  
Conclusions & Future Work 
 
In summary, there are three main parts in this project, namely: 
(1) The investigation of atomic mixing and surface roughening dependence in Si 
during O2+ bombardment with impact energies ranging from 0.3 to 10.0 keV at 
44o to 75o incidence. In addition, the surface topography development of Si and 
Si / SiGe during O2+sputtering were studied. All analyses involved the detection 
of boron (B) and germanium (Ge) in Si, which are important elements in CMOS 
technology.  
(2) The profiling of SIMS for Ge segregation studies are compared with B profiling, 
including the investigation of the influence of oxygen flooding and sample 
rotation on SIMS analyses of Si / SiGe using 500eV O2+ primary ion beam. In 
addition, the empirical mixing-roughness (MR) model, is used for data fitting as 
well as to determine the ion beam mixing and surface roughening parameters that 
contribute to depth resolution degradation.  
(3) We investigated very low energy sputtering using 300 eV O2+ beams and 
evaluated the crater effect due to inhomogeneous erosion. 
 
The corresponding conclusions and future work are summarized as follows: 
(1) Atomic mixing effect in Si 
SIMS depth profiling by sputtering O2+ on the SQW structures were done under various 
incidence angle(44 o, 50 o, 56 o, and 62 o) with a fixed impact energy of 1 keV and various 
impact energies (0.5, 1.0 and 2.0 keV) with a fixed incidence angle of 56o. 
Corresponding SIMS depth profiles were obtained and observation on the profiles as a 
function of incidence angle or impact energy was observed. Decay length analysis on the 
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depth profiles corresponding to the sample was done. Surface morphologies of the 
craters, after sputtering with the above conditions was obtained by performing AFM 
imaging and their corresponding RMS roughness were obtained. 
 
The main conclusions based on the decay length analysis and RMS roughness: 
1) Surface roughening decreases with increasing angle of incidence to sample 
normal in study range of 44ºto 62º. 
2) Surface roughening decreases with increasing impact energy of beam ion in range 
of 0.5 to 2 kev. The effect is particularly severe at 500 eV i.e. the sub-keV regime 
3) It is found that SIMS depth profiling at impact energy of 1 keV and 56o incidence 
gives the best SIMS depth resolution of the various conditions investigated; while 
2 keV gives the condition with the least surface roughening. 
4) The decay lengths were found to increase with increasing beam energy E under a 
power law relationship with oxygen beam energy. Using the power law, we can 
obtain a reasonable estimate of the energy dependent depth resolution.   
5) More accurate and reliable backside SIMS depth profile can be obtained using 
SOI wafer back etching techniques. The primary impact ion energy for backside 
SIMS depth profiling does not degrade the depth resolution on the trailing edge 
of the dopant profile as much as the frontside SIMS dose, i.e. backside SIMS 
depth profiling can minimize the mixing effect on the trailing edge. 
6) Using backside SIMS results, we propose a reflection transform as a simple way 
to improve the decay length, i.e. minimize the atomic mixing effect for a SQW 
structure sample. In the energy range of 1 keV to 2.5 keV, all the trailing edge 
decay lengths after reflection transform are smaller than 1 nm. The reflection 
transform is therefore a simple method of giving accurate depth profiles assuming 
the growth condition are near-perfect. 
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(2) Surface roughening effect during 500 eV O2+ beam bombardment  
For a 500 eV O2+ beam, the incidence angle of 56° did not give the best SIMS 
depth resolution because of crater bottom roughening during sputtering. The crater 
bottom roughness continues to increase with depth and reaches a RMS value of 3.0 nm at 
the depth of 160 nm. In the angle range of 46° to 69°, the 30Si+ matrix signals 
significantly increase in the secondary ion intensities indicating roughening transitions at 
different depths. At 46° incident angle, the roughening transition depth occurs at ~15nm.  
For 56°, 65° and 69°, the roughening transition depths are 60 nm, 90nm and 110 nm 
respectively.  The Ge deltas are progressively broadened asymmetrically for the studied 
incident angles. The delta broadening with depth is most severe at 46° incidence, 
intermediate at 56°and 65° incidence, and smallest at 69° incidence. The rate of 
roughening increases with decreasing incident angle from 69o to 46o due to an increase in 
probability of mixed oxide formation, due to an earlier ripple nucleation. The MRI model 
is used to quantify surface roughening and atomic mixing effects during depth profiling 
by sputtering. The roughness parameter σ increases with depth, while the mixing 
parameter remains almost constant since the projected range (Rp) of ions in the solid at 
constant energy is constant.  
 
To achieve high depth resolution of the order of nanometers in SIMS, the primary 
ion energy needs to be reduced to the sub-keV regime. However, the analysis becomes 
complicated as the effect of surface roughening becomes more important in this sub-keV 
regime and the suppression of surface roughness becomes critical. The technique of 
oxygen flooding is widely employed in SIMS profiling when the analysis conditions are 
known or expected to suffer from surface roughening or low ion intensity. Some adverse 
effects, however, sometimes offset the advantages of oxygen flooding in SIMS analysis. 
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These include the significantly longer analysis time, when the analysis becomes more 
susceptible to fluctuation in experimental conditions. For Ge, the segregation effect will 
cause the loss of depth resolution. Sample rotation offers an alternative solution to 
remove problems associated with surface roughening without increasing the analysis 
time. Using a multiple BN and Ge delta-doped samples, the effectiveness of both oxygen 
flooding and sample rotation in suppressing surface roughness while sustaining high 
depth resolution are compared. Examination of the topography by AFM suggests that 
both techniques are equally effective in removing surface roughness even in the sub-keV 
regime. The faster sputtering rate (greater than 3 × ) of oblique incidence with sample 
rotation over that with oxygen flooding must be taken into consideration.  
 
We propose that the dependence of surface roughness is a result of the interplay 
between oxidation and sputtering of the Si substrates. When oxidation dominates over 
sputtering or vice versa, ripple formation is suppressed since full oxidation will not result 
in a formation of heterogeneous oxide layer. When the oxidation is comparable to 
sputtering process, there is more likely to be inhomogeneties in the incorporation of 
oxygen. 
 
More work is needed to understand the physical principles underlying the 
phenomenon. We suggest carrying out in-situ XPS studies to correlate the roughening 
evolution with mixed oxide contents as a function of depth, impact energies and incident 
angles.  
 
(3)Inhomogeneous erosion crater effect 
We have reported using 300eV O2+ beams for the magnetic-sector IMS-6f SIMS 
and evaluated the crater effect due to inhomogeneous erosion. Specifically, for 300eV 
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O2+ impact energy incident at 75˚ (IMS-6f), primary ion beams focus more poorly and 
the effect of crater shape on depth resolution increases in importance and its effect 
increases with depth. Furthermore, the sputter-induced roughening is still present for 300 
eV O2+ at 75˚ incidence. With sample rotation, we could minimize the sputter-induced 
roughening, e.g. make the third term of equation (3) negligible. Due to poor beam focus 
and higher incidence angle of 75˚, this geometry produces a sputter crater that has the 
appearance of a distorted parallelogram with a sloping bottom. A much more serious 
problem is associated with off-normal incidence. This leads to focus variations over the 
rastered area and consequently to erosion inhomogeneities.  
 
For the third condition, i.e. with sample rotation and 450×450 µm2 raster area, at 
300eV impact ion energy and 75° incident angle, the B deltas are not broadened 
progressively. It is total different with condition 1, i.e. without sample rotation and 
condition 2, with sample rotation and 320×320 μm2 raster area. With sample rotation, 
there is no rougher surface on crater bottom. Upon increasing the raster size from 320 
µm to 450 µm, the crater bottom is not flatter and the crater wall effect was minimized 
However, the larger raster size means lower sputtering rate, i.e. longer analysis time. 
This is a disadvantage for SIMS depth profiling thick layers with high depth resolution.  
 
In summary, to improve SIMS depth resolution, we have several ways to 
proceed.  Primary ion beams should be at low energies and at fairly oblique angles of 
incidence for Cameca magnetic sector instruments. The beam should be well focused on 
the sample surface and rastered over an area significantly larger than its cross-sectional 
area. Secondary ions should be extracted from only a small region centred within the 
crater. Sputtering rates should be slow relative to data acquisition rates in order to allow 
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sufficient sampling. Sample rotation during profiling can be particularly helpful when 
oblique sputtering angles are impracticable. 
 
(4) Future work 
For bombardment of Si by O2+ beams at normal incidence, very good depth resolution 
has been reported for impact energies as low as 200 eV. For O2+ beams at oblique 
incidence, a few data points are available at impact energies down to 250 eV. All 
experiments below 300 eV impact energies were done using quadrupole SIMS. By using 
magnetic-sector SIMS without FLIG ion gun, energies below 300 eV impact energies are 
difficult to achieve. However, impact energies below 300 eV are needed for next 
generation SIMS high depth resolution profiling.  Characterization of thin and abrupt 
features at sub-nanometer depth resolution is of great importance to future advanced 
process development in the semiconductor industry. Low-energy secondary ion mass 
spectrometry (LESIMS) has excellent detection sensitivity and high depth resolving 
power, and thus is the technique of choice for accurate characterization of ultrashallow 
junctions, ultrathin films, and ultrasharp interfaces. The fundamental aspects of the 
phenomena accompanying low-energy ion bombardment need to be well understood and 
a quantitative, accurate and reliable description of mixing is also needed. These issues 
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 Appendix 2 
 
A2 Experimental procedures  
 
 
        The procedures for the conduct of the experimental techniques mentioned in chapter 
3 are outlined as follows: 
 
(a) CAMECA SIMS profiling  
     (1) A mass calibration is done on the mass spectrometer by bombarding a Cu/Al or 
Ta/Si grid sample in the chamber while the samples to be analyzed are loaded 
into the air-lock next to the analysis chamber where bombardments occur. 
(2) SIMS analysis using different beam conditions such as impact energy and 
incidence angle require different beam alignments. For example, 1 keV 44o O2+ 
bombardment would require primary ion voltage of 2 keV and sample bias 
voltage of 1 keV while 1.1 keV and  600 eV for 0.5 keV 46o bombardment.  The 
next step is the alignment of the beam which involves the adjustments of 
stigmators, quads and deflectors in primary and secondary column for each beam 
condition. Primary and secondary column beam alignments are needed so that 
primary ion beam such as O2+ that can reach the Cu/Al or Ta/Si grid sample and 
the amount of secondary ions from the interaction between O2+ and Al or Si grid 
is maximized. 
(3) After the alignments are done and the samples to be analyzed are transferred from 
the load lock to the analysis chamber, mass calibration of mass spectrometer with 
respect to the secondary ions from the sample is carried out.  
(4) After steps 1-3, SIMS analysis begins. Step 2 or (and) Step 3 is (are) repeated if a 
change in sample or (and) impact energy and incidence angle is needed 
respectively. The more detailed calculation of primary ion beam incident angle 
for magnetic sector SIMS can be found in Appendix 3. 
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(b) AFM measurement  
(1) The surface of crater prior to AFM scanning was blown with N2 to get rid off 
contaminants such as dust resting on the crater surface so that true surface 
roughness information resulting from SIMS depth profiling can be obtained. 
Meanwhile, optimization of the AFM scanner was carried out to ensure 
reasonable drive amplitude for scanning the surface. 
(2) After sample cleaning and AFM scanner tuning was done, Tapping Mode AFM 
scanning was carried out using a Si-etched tip on a clean reference sample and its 
corresponding AFM images were compared with the one obtained with a tip in 
good condition. If the AFM tip was blunt or broken, the AFM image taken would 
look different from the reference AFM image. We would need to replace the 
broken or blunt tip with a good one. 
(3) Next, the AFM tip was then positioned at the centre of crater. Four positions near 
the centre were scanned and their corresponding AFM images with varying scan 
sizes were taken. During every AFM measurement session the following 
operating parameters were fixed: scan rate = 1Hz, integral gain = 0.5656 and 
proportional gain = 0.7668.  
(4) The same procedure 1-3 was repeated for AFM measurement on crater formed by 
SIMS depth profiling under various conditions. 
 
 (c) Crater depth measurement  
      (1) A reference sample with known crater depth was scanned for calibration purpose. 
   (2) The stylus tip was then positioned at the centre of crater of sample to be 
measured. Four to five positions near the centre along both x and y axis were 
scanned and their corresponding crater depths were taken and averaged. 
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A3 Derivation of Equation (3.1) and more accurate primary ion beam incident 
angle calculation for Cameca IMS-6f magnetic-sector SIMS Instrument                                         
 








)30'sin(sin θθ                                          (3.1) 
 
where θ′is the nominal angle of incidence (30° for IMS-6f), Vp is primary accelerating 
voltage and Vs is the secondary accelerating voltage, Vp – Vs is the impact energy of 
primary ion beam.( in Chapter 3) 
 
In the Cameca IMS-3f (or 4f), the sample is biased to +4500 or - 4500 V and the 
immersion lens is held at ground, so the sample itself serves as a lens for both incoming 
primary and exiting secondary ions. The impact angle of the primary ion beam with 
respect to the sample normal is not mechanically adjustable in the IMS-3f (or 4f). 
However, since the sample bias acts as a retarding field for primary ion beams of opposite 
polarity or an accelerating field for primary ion beams of the same polarity, the impact 
angle with respect to the surface normal is varied by changing the primary beam energy. 
This variation is illustrated schematically in Fig.A3.1, and the functional dependence of 





Fig A3.1. retarding/accelerating field effect for a positive prim
 
 The effective angle of incidence (θ', s
calculated by using law of conservation of energ
From equation (1), we could simplify into th
 ary ion beam in the Cameca 3f (or 4f) instrument (ref 1). 
ee fig A3.2, for positive sample bias) can 
y and is given by the following equation (1). 
e formula (2) for calculating the effective 
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beam energy and impact angle. A reasonably reliable estimate of the true θ' is of crucial 
importance for appraisal of the results presented in the remainder of this thesis and 
consequently deserves our attention here. Assuming the extraction configuration of the 
Cameca IMS to be well represented by an ideal parallel plate system, one can solve the 





























Eθ                                                                          (2)    
where Ey is the kinetic energy component parallel to the sample surface, Exf is the final 
kinetic energy component, normal to the surface (effective energy), and E0 is the initial, 
or primary beam energy. It is clear from Eq. (2) that the energy and angle of incidence 













Fig A3.2  retarding field effect for positive primary ion beam   
















Fig A3.3 retarding field effect for positive primary ion beam Eo
and Es sample bias in Cameca IMS 5f or 6f Instruments (ref 2). 
 
For a nominal incident angle θ, an extraction energy at the source of E0 and a target bias 
Es this implies an impact energy of (E0 - Es). For IMS-3f, 4f, θ=30° and a fixed target 
bias of 4500 V on the oldest ones (fig A3.2), later versions 4f, 5f enabled in addition 
prescribed values of 2250 V and 1125 V. Clearly, this limits the lowest attainable impact 
energies (> 0.5 keV) and fixes the impact angle. For older 3f or 4f, due to the strong 
extraction field, a sub-keV O2+ beam is not achievable, and the minimum energy 
obtainable of 1.25 keV does not allow reliable and easy-to-use measurement conditions 
for ultra-shallow depth profiling. The nowadays for IMS-6f, available continuously 
variable target bias (fig A3.3) alleviates these problems only partly as at low energy the 
impact angle is effectively restricted to θ' > 40°. For IMS-6f, the formula (2), become 
formula (3). After triangle function transformation, it changes into the common formula 









sin'tan                                                              (3) 
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                                                                         (4) 
The theoretical limit of the incidence angle for sputtering a target is 90º. Therefore, from 
equation (4), the minimum theoretical value for the impact energy as a function of the 
secondary extraction voltage can be computed. Some examples of values are reported in 
Table A3.1. 





Table A3.1 Theoretical minimum impact energy as a function of the secondary extraction voltage. 
The values reported in Table A3.1 require several comments: 
1) They demonstrate that, for positive secondary ions analysis, impact energy of less 
than 1 keV cannot be achieved if the secondary extraction voltage is not reduced 
below 5 kV. 
2) They are theoretical values. In practice, the lowest impact energy achievable for a 
given extraction voltage is higher than these reported values. This is mainly 
because incidence angles larger than 75-80º do not provide flat bottom crater and 
reasonable sputter rate for routine analysis mode. I will discuss it more in chapter 7.  
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3) Equation (4) is an approximation because it does not take into account the 
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tion [Eqn.(3 or 4)]. In the insert, the deflection of the primary ion caused by the 
hown. (ref 4). 
.4 attempted to improve on Eqn. (4) by taking into account the design of 
. the deflectors to displace the primary beam entrance into the parallel 
eir method was also reasonable successful for low energy beams.  
ation of the primary ion by the retarding field not only leads to a change 
incidence, but also implies that the impact point of the primary ion on the 
displaced as compared to its position when no retarding field would be 
stance is labelled ∆x in the inset of Fig.A3.4 and can be calculated using 








Ed −−+              (5)       
ance between the immersion lens and the sample surface. However, to 
econdary image, the impact point of the primary ion needs to lie in the 
mmersion lens. By increasing the d.c. voltage of the beam-positioning 
s in the primary column, the beam position can be optimized so that the 
rimary beam coincides again with the middle of the immersion lens. This 
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is an essential point when performing measurements in a Cameca IMS instrument. 
Because ∆x will increase when decreasing the primary energy, it is obvious that one 
needs to increase the voltage on the deflection plates to compensate for the larger 
deflection of the primary ion due to the retarding field.  
 In this primary column, the deflection is performed by double deflection plates 
with equal but opposite electrical fields (see Fig.A3.5). Two pairs are used for the x- and 
two pairs for the y-direction. For simplicity, only one direction is shown in Fig.A3.5. The 
reason for these two pairs of plates is to ensure that the primary beam always goes 
through the centre of L3 (the last lens just before the sample surface) in order to obtain 
the best focalized beam, even when using a raster or changing the impact of the beam. 
For compensation of the deflection of the primary ion, only a change of the beam 
position in the x-direction has to be used. On to this d.c. voltage, an a.c. voltage of 
triangular shape is superimposed in order to obtain rastering of the ion beam around this 
beam position. 
 By changing the voltage of the deflection plates, not only is the impact point of 
the beam deflected but also its angle compared to the optical axis of the primary column 
is changed. This can be calculated easily when solving the equation of motion of the ion 
through the deflection plates of the primary column. The deviation of the angle α (see 
Fig.A3.5) of the primary beam with respect to the optical axis of the primary column is 
written as:  
             )(tan 21 llEd
V
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Figure A3.5 design of the primary column of the IMS-4f to 6f showing the two pairs d deflection plates in 
the x-direction, focusing lens L3 and immersion lens. The solid line represents the ion trajectory when 
applying VP = 270 V on the deflection plates. (ref 4). 
 
where VP and – VP are the symmetric potentials on the  deflection plates as indicated on 
Fig.A3.5, dp is the distance between the  deflection plates (10mm), l1 is the length of the 
first plates (12.5mm) and his the length of the second plate (25mm). In the case of very 
low impact energies (between 1.2 and 3.0 keV) where a maximal potential on the 
deflection plates is needed (VP = 270 V) this means that the angle of the primary beam 
(before penetrating into the retarding field) changes down to -3° with respect to the 
optical axis.  
 Since the primary ion is deflected from the optical axis by the deflection plates 
and makes an angle α with respect to the optical axis, as is indicated in Fig.A3.5, the 
angle θ in Eqn.(4)with which the ion enters the retarding field will not be equal to 30°. 
Instead of 30°, the real angle of the primary ion with respect to the normal of the sample 
surface when penetrating the retarding field has to be used and, as it turns out, this small 
variation of the angle of the primary beam just before penetrating into the retarding field 
is enough to change considerably the calculated values of the effective impact angle and 
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the lowest possible energies. So, the first correction needed in Eqns(4)and (5)is not to 
use θ=30° but to calculate, for every energy E and vo1tage VP of the deflection plates 
used in a measurement, the angle α of the primary ion with respect to the optical axis and 










Figure A3.6.equipotential lines of the retarding field penetrating into the last diaphragm of the primary 
column. The curves represent the ion pads when applying VP = 270 V (left side) or -50V (right side) on  
the deflection pates and V0 = +4.5 kV (solid curve) or 0 kV (dashed curve) (ref 4). 
 
In principle, the voltage needed for VP can be calculated as a function of the primary 
ion source energy with the following procedure. Take an angle θ (<30°) and, using this 
angle and the retarding field calculate the point of impact of the primary ion onto the 
sample surface. When this point coincides with the middle of the immersion lens, the 
condition for θ is fulfilled. From this θ value α (α=θ-30°) is calculated, and from Eqn. (6) 
VP is derived. With this procedure, a difference of 10 to 20%with experimental values of 
VP is found. This can be understood by the fact that the impact point is very sensitive to 
small variations of the primary beam alignment. A misalignment of the primary ion of 
only 0.1° with respect to the optical axis of the primary column, before entering the 
deflection plates, will extend to a shift of the impact point of 0.l mm at the sample 
surface. This can easily explain the difference of ~30V between theory and 
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measurement. Therefore, we have used our measured data of VP as a function of energy 
to calculate θ.  
 A second point that has to be taken into account is the penetration of the retarding 
field in the last diaphragm of the primary column. This will decrease the effective field 
that retards the primary ion (Fig.A3.6). In a first approximation we can simulate this by 
using the same uniform potential but by increasing the distance over which it is active, 



















Fig.A.3.7 primary column and secondary ions extraction system configuration of the IMS 6f (ref 5). 
 
Figure A3.7 shows the primary column and secondary ions extraction system 
configuration of the IMS 6f.  From above consideration, by using the formula (4), (5), 
and (6), we could get the following formula (7) and (8): 
)]
'
11(''2[y  1000m)( Y 20f αααµ CosVp
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×=                                                (8) 
Parameters definition: 
Vp = primary source voltage (can be >0 or < 0) 
Vs = secondary extraction voltage (can be can be >0 or < 0) 
Vd = deflector 4 voltage (can be >0 or < 0) 
Ez = normal impact energy 
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Yf(µm) = distance between beam impact and mass spectrometer axis 
 
 
By entering Vp and Vs, we could adjust Vd in order to minimize Yf, from formula (7), 
then read the incidence angle θ'(°) from formula (8). For getting the “true” incidence 
angle value θ´, α must be replaced by α´ in equation (4). In Table A3.2 are reported some 
examples of comparative values of θ and θ´. It must be noted that the double deflector of 
the primary column used to bring back the primary spot onto the axis of the mass 
spectrometer causes the   primary   beam to enter the secondary ion extraction space with 
an angle α' different from α (=30º). Values of θ and θ' for different Vs and Vp 
configurations are summarized in Table A3.2. 
   Accelerating  voltage 
   Vp (kV)       Vs (kV)    
      θ                   θ’ 
    α(=30°)         α’ 
  +8                +5          54.7             51.8 
  +5                +3           52.2             49.7 
  +3                +2          60.0             55.9   
  +1.15           +0.9           90                81.1    
 
Table A3.2 comparison between θ and θ’ values for different Vs and Vp configurations. 
 
The diagram plotted in Fig. A3.8 shows the variation of θ' as a function of the 
































































Figure A3.8 variations of the incidence angle  θ'  as a function of  the  ion  source 
extraction voltage for different positive secondary extraction voltage (ref 5). 
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Primary      Secondary   
voltage        voltage 
 (kV)          (kV)    
Impact      θ’ 
Energy   formula (8) 
(keV)       (°) 
Vd(V)    Yf(µm) 
 
Formula (7) 
  +7.5         +5           2.5       56    140.4              0.02 
  +6            +4           2          56    112.3              0.01 
  +5            +3            2          50      74.5              0.01 
  +4.5         +3          1.5        56      84.2              0.02 
  +3.5         +2.5             1          62       78.9              0.02 
  +3.0         +2.0           1          56       56.2              0.00 
  +2.5         +1.5           1          50      37.2              0.01 
  +2.0         +1.0           1          44      21.6              0.07 
  +2.0         +1.5          0.5        69      53.3              0.05 
  +1.8         +1.3          0.5        64      42.0              0.02 
  +1.5         +1.0            0.5        56      28.1              0.02 
  +1.1         +0.6          0.5        46      13.7              0.05 
  +1.3         +1.0          0.3        75      38.9              0.57 
 
Table A3.3 examples of primary and secondary voltage settings for different 
primary beam incidence angles at 2.5, 2,1.5, 1 and 0.5 keV impact energy. 
 
The IMS 6f offers some flexibility for the incident angle setting at different impact 
energies (Table A3.3). For a fixed pair of Vp and Vs in Table A3.3, we need adjust Vd in 
order to minimize Yf, from formula (7), then read the incidence angle θ'(°) from formula 
(8). All experiments use the parameters, such as impact energy, primary ion beam 
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